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Complex cobalt—carbonyl ligand clusters of clusters are used as
well defined molecular precursors for self-supported single metal
or bimetallic catalysts. These precursors incorporate two metals: an
outer layer formed from the complex cobalt cluster carbonyl ligands
[(CO)9Co03CCO;] and an inner core of the metal carboxylate cores.
Two types of precursor structures are used: one with two metal
atoms in the core (designated as M;Co1z, where M = Co, Cu, and
Mo) and the other with four metal atoms in the core bonded to a
centering oxygen atom (designated as M4Coj3, where M = Co and
Zn). The catalysts are prepared in situ by partial thermolysis (LT
catalysts) or complete thermolysis (HT catalysts) of the cluster of
clusters precursors. The catalysts derived from Co4Co13, ZnsCoss,
Co,Co12, M02Co13, and CuyCoq; precursors are used in the selective
hydrogenation reaction of 2-butenal. The desired product of the
reaction is the thermodynamically less favored unsaturated alcohol
(2-butenol). The highest 2-butenol selectivity observed was 100%
over HT-Co,Coj; catalyst at 373 K. The highest 2-butenol yield
observed in our experiments was = 28% using HT-Co4Co1g at 423 K.
The activity and selectivity behavior of HT-Co4Co;g was stable over
at least 50 h of operation. The factors affecting 2-butenol selectivity
and yield during 2-butenal hydrogenation using these catalysts are
discussed. © 1996 Academic Press, Inc.

INTRODUCTION

The selective hydrogenation of «—8 unsaturated aldehy-
des to unsaturated alcohols is an important reaction in the
production of perfumes, flavorings, and pharmaceuticals
(1,2). When a carbonyl group is present in conjugation with
a C=C group, the most commonly used metal hydrogena-
tion catalysts such as Ni, Pt, and Pd in the group VIII prefer-
entially reduce the C=Cbond, yielding saturated aldehydes
(compound III in Scheme I) and saturated alcohols (com-
pound IV in Scheme I) (3, 4). This is possibly due to lower
bond energy of the C=C bond than the C=0 bond (5).
Only Os and Co in the group VIII have been reported to
be more selective to unsaturated alcohols (6, 7). To improve
selectivity to the unsaturated alcohol 2-butenol (crotyl al-
cohol) for the 2-butenal (crotonaldehyde) hydrogenation
reaction, metal catalysts have been modified by alloying
(8, 9), by adding promoters (10), by incorporating strong
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interactive support (3, 11-13), or by controlled poisoning
(14). The structure of the catalyst has also been found to be
important (15, 11). Deactivation and time-dependent selec-
tivities over extended periods are also observed for these
reactions (16, 17). 2-Butenol yields up to 95% have been
reported in the literature for liquid phase heterogeneous
catalysts (18) or homogenous catalysts (6-15) operating in
the presence of a solvent at high pressures. The catalyst
recovery and the separation of the products from the sol-
vents, reactants, and catalysts are important considerations
in homogeneous catalysis (19).

Organometallic compounds have been used as precur-
sors for heterogeneous catalysts in a variety of reactions
(20, 21) and these materials are known to lose their struc-
ture upon activation or interaction with the support (22,
23). We reported that coordination compounds with com-
plex cluster substituents (referred to as the “clusters of clus-
ters”) serve as the precursors for high surface area self-
supported metal catalysts (24). Previously, we have used
the catalysts prepared by activating cobalt-based carbonyl
cluster carboxylate ligand complexes for hydrogenation of
1-3 butadiene (25-27). These catalysts exhibit two different
structures based on the activation procedure used (26, 28).
Recently we reported preliminary results of hydrogenation
of 2-butenal using these catalysts (28). In this paper, we re-
port detailed kinetics and characterization results of the gas
phase hydrogenation of 2-butenal using the heterogeneous
self-supported cobalt-based cluster of clusters catalysts.

EXPERIMENTAL

Catalysts Preparation and Characterization

The catalyst precursors are synthesized by coordination
of [(CO)yCo3CCO,-] to various metal cations. The prepar-
ative methods for the molecular precursors and their char-
acterization have been described in detail elsewhere (25,
29, 30) and are not described here. Two types of structures
have been obtained. The first type consists of a core cluster
with a oxygen center surrounded by four MCO, (where
M=Co or Zn) ligands into which six [(CO)yCo3C=G]
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clusters are bonded. This structure has stoichiometric for-
mula M4O(CO,G)s (see Scheme IT) and is abbreviated as
“M4Co13.” There are no M-M bonds in the core of these
clusters of clusters. The six edges of the core metal tetra-
hedron are bridged by six cobalt carbonyl cluster carboxy-
late ligands. Thus, the metal core is surrounded by a more
or less spherical layer of six cobalt carbonyl cluster car-
boxylate ligands. The second type of molecular precursor,
M;(C0,2G)4 (where M = Co or Mo or Cu), does not have
an oxygen atom in the core of the cluster (see Scheme II).
The two metal atoms in the core of the cluster may or may
not be bonded to each other. Surrounding the metal core
is a more or less cylindrical layer of four cobalt carbonyl
cluster carboxylate ligands. These precursors are referred
as “MCo1z.” The cluster of clusters precursors and corre-
sponding catalysts containing two metals are referred to as
“bimetallic” materials in which two metals are not necess-
arily alloyed together.

The molecular precursors themselves did not exhibit any
catalytic activity for the hydrogenation of 2-butenal and
partial or complete thermolysis is required to yield active
materials. The activation was performed under a hydrogen

N,
G\c/ f vﬁ o 9 0
l’G % \/ ’”
\M/_{\.,% \q’ u—c—cu\—!7:o—c—o
°'\ GOIM\,/%\G
G:IRCOBALT CLUSTER
MyCoqg G
precursor |
c/c\c f/p\
\c——o{,' °
o of...
J N
MpCoqz T/O —
precursor
G
SCHEME I1

459

atmosphere. Activation of the molecular precursors was
carried out in situ prior to the activity measurements since
the activated materials were readily oxidized by air.

The weightloss taking place during the different pretreat-
ment procedures was measured with a Cahn RG electro-
balance. The activation of the molecular precursor samples
was carried out in two steps. In the first step, the sample tem-
perature was increased linearly from room temperature to
393 K in 50 min in flowing hydrogen (100 ml/min, NTP) and
was then maintained at 393 K for 2 h. In the second step, the
sample temperature was further increased linearly to 493 K
and was kept at this temperature for 2 h. All the gases used
were of ultrahigh purity (99.999% ) and, in addition, traps to
remove water were incorporated into the lines. The weight
loss was recorded as a function of the time. To identify the
nature of the species evolving from the molecular precur-
sors during activation, mass spectrometric analyses were
performed with a UTI-100-C quadrupole mass spectrome-
ter equipped with a continuous inlet system.

Information on the nature of the structure of the molecu-
lar precursors during activation was obtained by in situ dif-
fused reflectance infrared (DRIFTS) spectroscopy. These
were performed in a DRIFTS reaction cell (Harrick Co.)
placed in a FTIR spectrometer (Mattson Model Galaxy-
2000). Further characterization of the oxidation state of the
molecular precursors during activation was carried out by
X-ray photoelectron spectroscopy (XPS). The XPS mea-
surements were conducted in a Kratos SAM-800 spectrom-
eter using a magnesium anode. The details of the experi-
mental apparatus, sample preparation, and measurement
procedures for TPD-MS, DRIFTS, and XPS have been de-
scribed elsewhere (24, 26, 27).

The BET surface areas were measured with a Quan-
tachrome unit at 77 K with nitrogen as the adsorbate and
helium as the carrier gas. Materials were prepared in situ
from the appropriate precursors to avoid changes due to ox-
idation in air. The activation of the samples was performed
under flowing helium. The weight of the pure cluster precur-
sor used in the BET measurements was around 40 mg. The
hydrogen chemisorption measurements were done by pass-
ing 40 ul pulses of hydrogen over the catalysts derived from
10-20 mg of precursor materials. The precursor is activated
under helium (25 ml/min NTP). The hydrogen concentra-
tion was monitored using Hewlett-Packard 5890 thermal
conductivity detector (TCD). Argon was used as the car-
rier gas for the TCD cell.

The kinetics of the cluster of clusters derived catalysts
were compared with results obtained with catalyst derived
from single tricobalt clusters as well as conventional sup-
ported catalyst of 5% Co/y-alumina. The 5% Co/y-alumina
catalyst was synthesized by wet impregnation of Co(NO3)
solution on y-alumina as described in the literature (31).
The catalyst was calcined at 373 K for 2 h and then at 773 K
for 2-4 h. The catalyst was then reduced at 773 K for 4 h
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before reaction. The reduction process was monitored by
mass spectrometry.

Catalytic Activity

The hydrogenation of 2-butenal was studied in a quartz
flow microreactor (4 mm i.d.) at atmospheric pressure in
the temperature range 353-473 K. Typically 15 mg of the
specific molecular precursor, confined with quartz wool,
was activated under hydrogen (99.999%, Matheson). In the
activity measurements, helium (99.999%, Matheson) was
used to keep the total flow constant and 2-butenal (99%+,
Aldrich) was introduced in the gas flow by bubbling the gas
through 2-butenal at 273 K. The 2-butenal vapor pressure
at 273 K is 9.3 torr (32), corresponding to 1.2% of 2-butenal
in the gas phase before entering the reactor. Since the va-
por pressures of the reaction products at room temperature
(298 K) is less than the vapor pressure of 2-butenal at 273 K
(32), condensation of the products in the lines maintained
at 323 K is not expected. Mass flows for H, and He were
controlled by electronic flow controllers (5850-E, Brooks
Instruments) and the reaction system was automated and
computer controlled. The reactor effluent was analyzed by
gas chromatography on a Varian 3700 GC provided with
a FID detector. A 10% carbowax 20M on chromosorb
80/100 mesh 50”-long packed column (Alltech) was used
to separate the effluents which were 2-butenal, 2-butenol,
1-butanol, 1-butanal, and butane.

RESULTS

Catalyst Characterization

The thermogravimetric analyses during the pyrolysis of
both precursors [Co,Co1; and CosCoss] exhibit two distinct
stages based on the extent of thermolysis (see Figs. 1a, 1b).
During the first step of thermal activation (393 K, 2 h), the
weight loss for Co,Coy; is 44%. This corresponds to loss
of solvent molecules (6.5% weight loss, tetrahydrofuran)
and 29 carbonyl groups (37.5% weight loss) of the 36 from
Co,Coy;. The weight loss for Co4Co1g during the first step
of activation is 27%, corresponding to loss of 31 (27.5%
weight loss) of the 54 carbonyl groups present in Co4Coss.
The materials formed at the end of the first step of ther-
mal activation are referred to as LT-catalysts (LT-Co,Co1,
and LT-Co4Co;g catalysts). During the second step of acti-
vation (493 K, 2 h), further thermolysis of LT-Co,Co1, and
LT-Co4Co1s occurs. For Co,Cos; after second step of acti-
vation, the total weight loss is 63 %, corresponding to a loss
of the carboxylate groups from the LT-Co,Co;; (calculated
loss =60.4%). At the end of the second step of activation,
total loss for the Co4Co;g precursor is 62.6%. The remain-
ing carbonyl groups and carboxylate groups in LT-Co4Co1s
(total weight loss =56.3%) are lost in the second step. The
materials formed at the end of second step of thermal ac-
tivation are referred to as HT-catalysts (HT-Co,Co1; and
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FIG. 1. Thermogravimetric analysis plot of activation of the precur-

sor clusters before reaction: (a) activation of Co,Coy,, (b) activation of
C04C018‘

HT-Co4Coqg catalysts) and have apparent compositions of
CO14C4 and C022C60.

Thermolysis of the precursors was also characterized by
TPD-MS, DRIFTS, and XPS. The details of these results
were reported previously for some of the catalysts (26, 27).
Here, only the most important results are summarized. The
TPD-MS of the precursors in helium (see Fig. 2) showed
evolution of CO and COa,. The signal for carbon monoxide
is significantly higher than that for carbon dioxide which
is in agreement with the stoichiometry of the clusters con-
sidering that carbonyl ligands evolve as carbon monoxide
and the carboxylate ligands as carbon dioxide. Pyrolysis of
the precursors in helium produced carbon monoxide, which
evolved in the temperature range 370-470 K, and carbon
dioxide in the range 400-500 K. During pyrolysis of the
precursors in hydrogen, in addition to the production of
a large amount of carbon monoxide (in the temperature
range 370-470 K), and smaller amounts carbon dioxide (in
the temperature range 400-500 K), methanol, methane, and
H,0 were also observed.

The diffused reflectance infrared spectra (see Fig. 3)
during the activation of the precursors caused significant
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FIG. 2. Temperature programmed decomposition mass spectrometry analysis (a) CosCoys, He (top), Ha (bottom); (b) Co,Coy,, He (top), Ha

(bottom).

changes in the carbonyl bands. The band assignments and
detailed description of the DRIFTS spectra were reported
previously for some compounds (26, 27). As temperature
increases, in addition to a decrease in the bands correspond-
ing to carbonyl (21101900 cm™!), and carboxylate ligands
(1554, 1387 cm™'), a new infrared band corresponding to
bridging carbonyl (1860 cm™') was also observed as the
material becomes coordinatively more unsaturated. On fur-
ther heating, a continuous decrease of the infrared band
between the tricobalt cluster (G) and the rest of the cluster
of clusters (2106 cm™!) is observed. The decrease of this
band corresponds to an increase of the area of the bridging
carbonyl band. At higher temperature, a band reminiscent
of one observed during CO adsorbed on metal particles is
also observed (33). During thermolysis, carbonyl as well as
carboxylate band intensities appear to decrease at lower
temperatures for Co,Coj; than for CosCoys. The presence
of some carbonyl species in the LT-structures is in agree-
ment with the weight loss recorded on the TGA, with the
evolution of CO at temperatures higher than 300 K during
the TPD-MS experiments.

The BET surface areas of the materials after activation
are given in Table 1 for all activated M,Co1,, M4Coss pre-
cursors, as well as tricobalt cluster (CO)yCo3;CCOOH (i.e.,
GCO;H). Before activation, the BET surface areas for the
various precursors are ~ 5m?*g. Upon activation, these ar-
eas are in the 50-250 m%/g range. Table 2 lists hydrogen
atoms chemisorbed per units surface area and also the ra-
tio of hydrogen atoms chemisorbed to total metal atoms
(H/M) for various LT and HT catalysts. The H/M ratios are
much lower than one indicating that not all metal atoms
are exposed and form active sites. The HT catalysts adsorb
much more hydrogen than the LT catalysts. HT-Co4Cosg
adsorbs much more hydrogen than HT-Zn4Co;s.

XPS measurements reported previously (26, 27) indi-
cated that during activation the binding energy of Co2p
shifts from 780 to 778 eV, indicative of formation of
metallic cobalt. Activation of ZnsCoqg at 573 K results in
a decrease of the intensity of Co2p, along with a smooth
increase of the Zn2p intensity, indicating a rearrangement
in which Zn migrates to the surface. During the activation
of CuyCoy; at 573 K, similar increase in the intensity of Cu
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TABLE 2
(a)
Hydrogen Chemisorption Data
LT catalysts HT-catalysts
'% H atoms H atoms H atoms H atoms
x adsorbed/metal adsorbed/cm? adsorbed/metal adsorbed/cm?
2 atoms (H/M) of catalyst atoms (H/M) of catalyst
<
>4
§ Co4Cors 0.027 1.0 x 10 0.039 6.6 x 101
b CoyCors 0.011 1.4 x 10 0.030 4.7 x 104
Zn4Coss 0.031 6.6 x 1013 0.028 1.2 x 10"
453 K
463 K e~ ~—— ]
flat at 483 K
2500 2200 1900 1600 1300 1000 catalysts at 393, 423, and 453 K. By varying the percentage
wavenumber (cm™1) of H; in the reactant stream, the 2-butenal conversion at a
given temperature was changed at constant total flow. This
(b) method was more effective in changing selectivity behavior
for this reaction compared to changing mass flow rates in
2908 K the range of mass flow controllers. It can be seen that for the
LT-Co4Co1s at 393 K, up to 70% 2-butenal conversion was
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TABLE 1 £
2 10 A
BET Surface Areas (m-/g)
a
Catalyst type\treatment 373 K/2h, He (LT) 473 K/2 h, He (HT) D/g/:
=] [u]
CO4C018 160 52 0 . : . v,
Zn,Coyg 280 200 0 25 50 75 100
Co0,Coqp 53 65 % 2-butenal conversion
Mo,Cor, 60 125
Tricobalt cluster 8 29 FIG. 4. 2-Butenal hydrogenation over LT-Co4Cog and HT-Co4Coys

catalysts at various conditions: (a) 2-butenol selectivity, (b) 2-butenol yield.
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rate of hydrogenation and turn over frequency (TOF) were
2.7 x 1072 mol/h g of catalyst and 3.0 x 1072 s~1, respec-
tively. The TOF value is calculated by using the hydrogen
chemisorption data. For LT-Co4Co;g catalyst, at 393 K the
maximum 2-butenol selectivity is 30% and the maximum
2-butenol yield is around 5%. At 393 K the 2-butenol selec-
tivity over LT-Co4Co1g catalyst decreases with an increase
in 2-butenal conversion. This trend was observed for all the
catalysts derived from the cluster of clusters. At 393 K, the
HT-Co4Cossg is not as active as LT-Co4Cosg (for the same
loading of precursor), possibly due to a lower surface areas
(see Table 1) with maximum conversion of about 13%.
The minimum and maximum 2-butenol conversions are
restricted to the range of reaction conditions described un-
der Experimental. At 393 K, the 2-butenol selectivity over
HT-Co4Co1g catalyst is much higher than that over LT-
Co4Co1g catalyst with the maximum 2-butenol selectivity of
80%. At 423 K over HT-Co4Cosg catalyst, the catalyst ac-
tivity increases with the maximum 2-butenal conversion of
95 % with the maximum 2-butenol selectivity of 40% at 40 %
conversion under standard flow and catalyst loading condi-
tions. The 2-butenol yields at 423 K over HT-Co4Co1g are in
the range 15-20% and do not vary much with the 2-butenal
conversion. A 2-butenol yield as high as 28% was observed
in our experiments (see Fig. 5). The plot of 2-butenol selec-
tivity versus percentage conversion shows a similar mono-
tonic decrease at 393 and 423 K. At 453 K, the HT-Co4Co1g
catalyst exhibited poor selectivity to 2-butenol; and when
100% 2-butenal conversion is reached, no 2-butenol is de-
tected in the product stream with corresponding yield of
1-butanol 96%. The corresponding rates of hydrogenation
turn over frequency were 4.6 x 1072 mol/h g of catalyst and
7.6 x 1073571, respectively. Thus, using the catalysts derived
from Co4Co;g precursor, the maximum 2-butenol selectivity
observed was 80% over HT-Co4Co1g at 393 K. The maxi-
mum 2-butenol yield observed over HT-Co4Co;g was 28 %
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o .
= A ]
& 404 2-butenol yield
A——h ——A-A
204 é
0 T T T T T
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FIG. 5. Time dependence of 2-butenal conversion, 2-butenol se-

lectivity, and 2-butenol yield during hydrogenation of 2-butenal over
HT-Co4Coys catalysts at 423 K. Feed is interupted at the 46th hour.
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at 423 K and at 80% H; (i.e., 20% He) in the gas before the
reaction.

Figure 5 shows results of 2-butenal conversion, 2-butenol
yield and 2-butenol selectivity versus time on stream over
the HT-Co4Co1g catalyst. The reaction was carried out at
423 K with 80% H, (2-butenal free basis) in the gas be-
fore reaction. This was the optimum condition for obtaining
the highest yield of 2-butenol. The 2-butenol conversion in-
creases sharply in the first few hours and then stabilizes. The
2-butenol yield and 2-butenol selectivity also stabilize to
about 28 and 35%, respectively. The 2-butenal conversion,
2-butenol yield, and 2-butenol selectivity remained con-
stant when the reaction was continued over 2 days. In order
to investigate the initial transient behavior, 2-butenal flow
was stopped for about 2 h (see Fig. 5 between 46 and 48 h)
with flow of 80% H; over the catalyst. Upon resuming the
2-butenal flow, increase in 2-butenal conversion, 2-butenol
selectivity, and 2-butenol yield was observed again. Thus,
hydrogenation of 2-butenal over HT-Co4Co;3g is a reactant-
sensitive reaction.

Table 3 lists the product selectivities at various con-
ditions of 2-butenal hydrogenation with LT-Co4Co1g and
HT-Co4Co1g catalysts. At 393 K, at low conversions 2-
butenol is the most common product and at 423 K, more
1-butanal and 1-butanol are detected in the product stream.
Whereas at 453 K, at higher conversions mostly, 1-butanol
along with a significant amount of butane is also detected.
During hydrogenation of 2-butenal at 423 K, HT-Co4Co13
gives the highest yield of 2-butenol. At lower temperatures
(393 K) the 2-butenol selectivity is higher, but the activity is
low. At 453 K, the selectivities for 2-butenol are lower than
the slectivities at 423 K.

The 2-butenol selectivities and yields of the catalysts pre-
pared from Co4Cosg precursor were compared with those
of a conventional catalyst supported on y-alumina. Figure 6
shows 2-butenol selectivities and yields obtained under var-
ious temperatures and 2-butenal conversions using the 5%
Co/y-alumina catalyst. The maximum 2-butenol selectivity
observed was about 37% at 398 K. The maximum 2-butenol
yield observed was about 6.0% at 423 K. Thus, 5% Co/y-
alumina catalyst is not as selective as the catalysts derived
from the Co4Co1g precursor. Table 3 lists the product dis-
tribution on the Co/y-alumina. Similar to HT-Co4Co1s, at
higher reaction temperatures, more 1-butanol is formed.
At 448 K, 75% of the product consists of 1-butanol even at
10% of H, (90% He) in the reactant stream.

Comparisons were also made with the catalysts derived
from other cluster of clusters precursors differing from
Co4Co13 in type of metals used and/or molecular struc-
ture. In Table 3, the selectivities of various products (in-
cluding 2-butenol) and 2-butenol yields are listed for the
catalysts derived from the tricobalt cluster [i.e., GCO,H or
(CO)9Co3CCO,H] as a function of temperature and per-
centage 2-butenal conversion. At 393 K, the LT-tricobalt
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Product Distribution during 2-Butenal Hydrogenation

PATIL ET AL.

TABLE 3

Percentage  Percentage Selectivity Yield of
H, conversion Butane 1-Butanal 1-Butanol 2-Butenol 2-Butenol

LT-C04C013

353K 100 32 0 50 18.7 31.3 1.0

393K 10 13.6 4.4 213 54.4 19.9 2.7

393 K 100 69.6 33 24.7 63.8 8.2 5.7
HT—CO4C018

393 K 25 3.5 0.0 21.5 0.0 78.5 2.7

393K 100 13.6 0.7 279 12.5 58.9 8.0

423 K 50 41.3 0 33.4 26.9 39.7 16.4

423 K 60 70.8 1.8 25.4 47.4 254 17.8

423 K 80 82.2 1.0 15.8 49.3 339 27.9

423 K 100 94.4 2.1 19.5 58.9 19.5 18.4

453 K 10 38.4 8.6 484 274 15.6 6.0

453 K 50 74.9 4.2 335 53.6 8.7 6.5

453 K 100 100.0 4.0 0.0 96.0 0.0 0.0
LT-ZD4C018

393K 10 20.0 20.0 55.0 20.0 5.0 53

393K 100 429 7.4 63.2 18.9 10.5 4.5
HT—ZH4C018

393 K 10 3.7 0.0 14.3 28.6 57.1 2.1

423 K 10 6.4 16.1 452 12.9 25.8 1.6

453 K 10 16.6 25.7 47.5 10.9 15.8 2.6
LT—C02C012

393K 25 14.1 0.0 21.3 78.0 0.7 0.1
HT—C02C012

373K 10 3.4 0.0 0.0 0.0 100 34

373K 25 7.1 0.0 26.8 14.1 59.2 42

393 K 25 61.7 2.6 31.5 55.7 10.2 6.3

408 K 25 84.6 39 254 70.4 0.35 3.0

423 K 25 98.5 5.7 8.8 85.5 0.0 0.0
CO/V—A1203

398 K 10 8.5 0.0 10.6 529 36.5 31

398 K 100 28.8 24 45.7 344 17.5 5.0

423 K 10 28.2 2.8 11.0 64.3 21.9 6.2

423 K 100 66.3 4.1 35.6 54.5 59 39

448 K 10 445 0.0 20.5 752 43 1.9

448 K 100 98.1 5.7 19.1 752 0.0 0.0
LT-cluster

393K 10 6.1 0.0 333 333 333 2.0

393 K 100 143 0.0 273 72.7 0.0 0.0
HT-cluster

393 K 25 13.5 0.0 80.0 10.0 10.0 14

393 K 100 28.8 0.9 80.2 9.4 9.4 2.7

423 K 25 66.1 7.1 66.7 23.8 24 1.6

453 K 25 74.5 24.0 28.0 48.0 0.0 0.0
LT—M02C012

393K 10 5.1 8.9 22.0 58.1 11.0 0.6

393 K 100 34.6 2.7 15.2 76.2 5.6 1.9
HT—M02C012

393 K 100 6.5 35 31.0 29.3 36.2 24

423 K 100 23.1 6.6 42.7 30.4 20.3 4.7

453 K 100 88.2 14.7 30.7 50.4 4.0 3.6
LT-CU2C012

393 K 10 1.1 17.0 48.2 0.0 34.8 0.4

393K 100 23.8 3.7 43.8 37.7 14.9 3.6
HT—CU2C012

393K 100 2.6 35 324 0.0 64.1 1.7

423 K 100 2.9 42 37.2 0.0 58.7 1.7

453 K 100 74.9 5.4 26.2 58.3 7.8 2.1
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FIG. 6. 2-Butenol yields and 2-butenol selectivities observed during
2-butenal hydrogenation over 5% Co/y-Al,Os catalyst with 10-100% of
H, in the gas phase.

cluster catalyst is less active than the LT-Co4Co1g with the
maximum 2-butenal conversion of about 14%. The maxi-
mum selectivity observed using the LT-tricobalt cluster was
about 33%, about same as that seen during LT-Co4Coys
catalyst. Under similar reaction conditions, the activities of
HT-tricobalt cluster and HT-Co4Co1g are comparable. The
selectivity and product distribution over HT-tricobalt clus-
ter catalyst were not stable. The maximum 2-butenol selec-
tivity observed for HT-tricobalt cluster was about 10% at
393 K. HT-tricobalt cluster catalyst exhibits high selectiv-
ity to the saturated aldehyde, 1-butanal, with the maximum
1-butanal selectivity of 80% at 393 K, 67% at 423 K, and
28% at453 K. Thus, atlower temperatures, the HT-tricobalt
cluster catalyst is much more selective to 1-butanal than to
2-butenol as compared to the HT-Co4Coqs catalyst.

The 2-butenal hydrogenation reaction was also carried
out using the catalysts derived from bimetallic ZnsCo;g clus-
ter of clusters (with four zinc atoms in the core) having
the same structure as the Co4Co;s precursor. The 2-butenol
selectivities and yields observed during hydrogenation of
2-butenal using L'T-Zn4Co1g and HT-Zn4Coyg are reported
in Table 3. LT-Zn4Cosg catalyst is slightly less active than
LT-Co4Co1g catalyst with maximum conversion of about
43% at 393 K. The 2-butenol selectivities and yields ob-
served with LT-ZnsCo;g and LT-Co4Co1g catalysts are com-
parable. Thus, in terms of activity and 2-butenol selectiv-
ity, LT-Zn4Co;g and LT-Co4Co1s exhibit similar behavior.
HT-Zn4Coig at 393 K exhibits lower maximum 2-butenol
selectivity (= 60%) than that for HT-Co4Co1s (~80%).
HT-Zn4Coqg gives comparable selectivities as HT-Co4Co1g
at 423 K and 453 K. However, HT-Zn4Co1g is less active
and the 2-butenol yields obtained with HT-Zn4Co;s (see
Table 3) are considerably lower than those for HT-Co4Cos.

The hydrogenation of 2-butenal was also studied with
the catalysts derived from cluster of clusters of M;Co1,
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FIG.7. 2-Butanol selectivities observed during 2-butenal hydrogena-
tion over LT-Co,Coj; and HT-Co,Coy; catalysts with 10-100% of H, in
the gas phase.

type with formula M;[(CO)Co3CCO,]4 having two metal
atoms in the core of the cluster of clusters. Single metal
cluster of clusters Co,Co1, and bimetallic clusters of clus-
ters CuyCoip and Mo,Coy, were studied. Figure 7 shows
a plot of 2-butenol selectivities observed during 2-butenal
hydrogenation using LT-Co,Coy; and HT-Co,Coy; cata-
lysts under various temperature and conversion conditions.
On LT-Co,Coy; catalyst, the 2-butenol selectivity is very
low (=2%) at 393 K, even though the activities of both
LT-Co4Co13 and LT-Co0,Co1; are of the same order under
similar conditions (see Table 3). At 393 K, HT-Co,Co1,
seems to be more active than HT-Co4Co1g with the max-
imum conversion of about 75% and is less selective toward
2-butenol with the maximum selectivity of about 25%. At
the lower temperature of 373 K, HT-Co,Co;; did show ap-
preciable activity with maximum conversion of about 15%.
At 373 K, the 2-butenol selectivity observed was 100%.
This is the highest 2-butenol selectivity we observed of all
the catalysts derived from the cluster of clusters studied un-
der a wide range of reaction conditions. The 2-butenol yield
corresponding to 100% 2-butenol selectivity is about 3.5%.
HT-Co,Coy; exhibits a sharp decrease in the 2-butenol se-
lectivity with increase in the reaction temperature as com-
pared to HT-Co4Co1g with the maximum 2-butenol selec-
tivity of 100% at 373 K to 25% at 393 K, 10% at 408 K,
and 0% at 423 K. At 423 K, 1-butanol is the major prod-
uct and the rate of reaction over HT-Co,Co, catalyst is
4.7 x 1072 mol/h g of the catalyst and the corresponding
TOF is 2.8 x 1072 s~!, about four times higher than for
HT—CO4C018.

Figure 8 shows a plot of 2-butenal conversion versus
time on stream, when the HT-Co,Coq, was used as the
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FIG.8. Time dependence of 2-butenal conversion during hydrogena-
tion of 2-butenal over HT-Co,Co;; catalysts under 10% H, flow at 373 K.
Feed is interupted at the 30th hour.

catalyst. The reaction was carried out at 373 K with 10% H,
(2-butenal free basis) in the reactant gas. This was the
optimum condition for obtaining the highest selectivity of
2-butenol. The 2-butenol selectivity of 100% was observed
during the reaction. The 2-butenol conversion decreases
sharply in the first few hours and stabilizes at ~4%.
Thereafter 2-butenal conversion and 2-butenol selectivity
remained constant when the reaction was continued over
a day. To investigate if the initial transient behavior is
reversible or not, 2-butenal flow was stopped for about 2 h
with a flow of 10% H, (90% He) over the catalyst at 373 K.
Upon resuming the 2-butenal flow, the similar transition
in 2-butenal conversion was observed. Thus, the initial
transient period for HT-Co,Co12 and HT-Co4Co;g catalysts
are quite different.

The 2-butenol selectivities and yields during 2-butenal
hydrogenation reaction over bimetallic catalysts Cu,Coqz
and Mo,Coy; are also reported in Table 3. The activities of
LT-Mo,Co1, and LT-Cu,Coq; are about the same as those
in LT-Co,Co1, and are about half of LT-Co4Co1g for the
same weight of precursor used. At 393 K, the LT-Cu,Co1,
catalyst is the most selective to 2-butenol (the maximum
selectivity ~35%) among all LT catalysts derived from the
cluster of clusters. Both HT-Cu,Co, and HT-Mo,Co; cat-
alysts exhibit about the same 2-butenal conversion which
is lower than other HT catalysts. Whereas, at 393 K, HT-
Cu,Coq, 1s more selective to 2-butenol than HT-Mo,Co15;.
If the 2-butenol selectivities over all the HT catalysts de-
rived from the cluster of clusters are compared (see Table 3)
then the maximum 2-butenol selectivity observed at 393 K
is in the following order HT-Co4Co13>HT-Cu,Coi,~ HT-
7Zn4Co15>HT-Mo0,Co1,>HT-Co,Co1,~ HT-cluster. At tem-
peratures other than 393 K, the above selectivity trend is not
maintained since the selectivities change by different per-
centage with change in the reaction temperature. For exam-
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ple, during 2-butenal hydrogenation over HT-Co,Co;; cat-
alyst the 2-butenol selectivity drops sharply with the maxi-
mum selectivities changing from 100% at 373 K, to 25% at
393 K, to 10% at 408 K, to 0% at 423 K. HT-Co4Co1g on
other hand, maintains reasonable 2-butenol selectivity at
higher temperature (35% at 423 K) giving high 2-butenol
yield.

Activation energies, preexponential factors and orders
of reaction with respect to H, and 2-butenal for the hy-
drogenation of 2-butenal (reaction R1 in Table 4) using
Co,Co12 and Co4Coyg catalysts are tabulated in Table 4.
The reaction orders with respect to 2-butenal for LT and HT
Co4Co1g3 and Co,Coq; are about 0.7-0.8. The H; reaction or-
ders during 2-butenal hydrogenation for these catalysts are
in the range 0.4-0.6. Thus, the rate of reaction is a function
of concentration of both reactants. HT-Co,Co; and HT-
Co4Co1g have higher activation energy than LT-Co,Co1;
and LT-Co4Cog catalysts for 2-butenal hydrogenation.

Hydrogenation of 2-Butenol Using Co,Cojz and
Co4Coys Catalysts

Scheme I shows a general reaction pathway proposed in
the literature (3). According to this scheme, once 2-butenol
is formed by hydrogenation of 2-butenal, 2-butenol may
further hydrogenate to form 1-butanol and/or isomerize
to 1-butanal. In order to investigate which of above reac-
tions is dominant after 2-butenol formation, the reaction of
2-butenol in the presence of H, was studied. For this reac-
tion, only HT-Co,Co1, and HT-Co4Co;5g catalysts were used
since these catalysts exhibit the highest 2-butenol selectiv-
ity and the highest 2-butenol yield observed of all the cata-
lysts studied. The results are presented in Figure 9a and 9b.
Figs. 9a shows various product selectivities observed during

TABLE 4

Kinetic Parameters in Hydrogenation of 2-Butenal
and 2-Butenol

COzCO]z C04C01g

LT-catalysts R1 R2 R1 R2
a 0.7 1.3 0.8 1.5
b 0.5 0.8 0.5 0.0
ko 50 x 10° 12 x 10* 37 x 10° 6.0
Ea 18.3 15.0 20.2 13.0
HT-catalysts

a 0.81 0.53 0.7 0.74
b 0.6 0.9 0.4 0.1
ko 42 x 107 12 x 10> 22 x 10° 1.0
Ea 23.6 152 2.4 11.4

Note. R1, 2-butenal hydrogenation; R2, 2-butenol hydrogena-
tion; a, order with respect to 2-butenal or 2-butenol; b, order
with respect to Hy; ko, preexponential factor (mole/s/g of cata-
lyst); Ea, activation energy (Kcal/mol); r (moles/s/g of catalyst) =
kOe_Ea/RT (thdrogen)n(xorganic)b; Xa mole fraction.
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FIG.9. Selectivities of various products formed during hydrogenation
of 2-butenol (a) over HT-Co4Co;s catalysts in a temperature range of 393—
453 K and (b) over HT-Co0,Coy; catalysts in temperature range 393-423 K
and 1-butanol selectivity at 373 K.

hydrogenation of 2-butenol using HT-Co4Co;s. The selec-
tivity versus conversion data at temperatures 393, 423, and
453 K exhibit similar trends and are represented together.
At all 2-butenol conversion levels, 1-butanol is the major
product with selectivities in the range 75-100%. At both
lower (less than 20%) and higher (close to 100%) 2-butenol
conversions, 1-butanol is the only product formed. At inter-
mediate conversions, appreciable amount of 2-butenal (as
high as 25%) is formed by the 2-butenol dehydrogenation.
On the other hand, little or no 1-butanal is formed, indicat-
ing that the hydroisomerization reaction does not occur.
In Fig. 9b, the product selectivities obtained during the
reaction of 2-butenol with H, over HT-Co0,Co1, are shown.
The product selectivity data in the 393-423 K temperature
range again is combined. Figure 9b also shows 1-butanol
selectivity during 2-butenol hydrogenation at 373 K, the
temperature at which 100% 2-butenol selectivity was ob-
served during 2-butenal hydrogenation. As is clear from
Fig. 9b, 1-butanol is the major product of the 2-butenol hy-
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FIG. 10. 2-Butenol selectivity observed during hydrogenation of
2-butenal and conversion of 2-butenol observed in hydrogenation of
2-butenol over HT-Co,Co;; catalyst at 373 K.

drogenation with selectivities in the range of 85-100%. Very
little or no 2-butenal is observed, indicating absence of the
dehydrogenation reaction in this case. However, an appre-
ciable amount of 1-butanal is formed (up to 10%) during
2-butenol hydrogenation on the HT-Co,Coy; catalyst. Thus,
in contrast to the results observed for CosCo1g, hydroiso-
merization of 2-butenol to 1-butanal does occur. At 373 K,
however, 1-butanol was the only product observed from
the hydrogenation of 2-butenol; i.e., no dehydrogenation
and hydroisomerization takes place at the reaction tem-
perature at which 100% 2-butenol selectivity was observed
during 2-butenal hydrogenation over HT-Co,Coj; catalyst.
As discussed with reference to Fig. 7, during 2-butenal hy-
drogenation on HT-Co,Coj; at 373 K, the 2-butenol selec-
tivity increases from 35 to 100% with decrease in 2-butenal
conversion from 15 to 3.5%. As shown in Fig. 10, this
corresponds to change in the percentage of H, (on
2-butenal-free basis) in the reactant gas from 100 to 10%.
Figure 10 also shows corresponding 2-butenol conversion
(to 1-butanol) during 2-butenol hydrogenation as a function
of the percentage of H; in the reactant gas. The 2-butenol
conversion decreases with a decrease in the percentage of
H; in the reactant gas and is zero when the percentage of
H; in the reactant gas is 10%. However, under this reaction
condition the HT-Co,Coj; catalyst is still active for hydro-
genation of 2-butenal to 2-butenol, giving 100% 2-butenol
selectivity during the hydrogenation of 2-butenal.

Table 4 shows the activation energies, preexponential fac-
tors and reaction orders with respect to H, and 2-butenol
for hydrogenation of 2-butenol (reaction R2, Table 4) over
LT and HT Co,Co1, and Co4Co1s catalysts. The reaction or-
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ders with respect to 2-butenol for LT-Co,Coq; (& 1.3) and
LT-Co4Co1s (=~ 1.5) catalysts are more than twice the corre-
sponding orders with respect to 2-butenol for HT-Co,Co1,
catalyst (= 0.5) and LT-Co4Co;g catalyst (~ 0.7). The H; re-
action orders for 2-butenol hydrogenation over LT-Co,Coy;
and HT-Co,Coj; catalysts are in the 0.8-0.9 range. For LT-
Co4Co1s and HT-Co4Cosg catalysts, however, the H, reac-
tion orders are zero. Thus, the rate of reaction is function of
concentration of both reactants for HT-Co,Co, and de-
pends only on 2-butenol concentration for HT-Co4Coss.
HT-Co,Co; and HT-Co4Co;g catalysts seem to have about
the same activation energy values as LT-Co,;Coq; and
LT-Co4Co1g catalysts, respectively, for 2-butenol hydro-
genation. LT-Co4Co;s, HT-C04Co1s, and HT-Co,Coy; have
low preexponential factors for 2-butenol hydrogenation
and are about 10° less than the corresponding values of pre-
exponential factor for 2-butenal hydrogenation over these
catalysts. For LT-Co,Cos, the difference is less than two
orders of magnitude.

Hydrogenation of 2-Propenal Using Co,Coy, and
Co4Coys Catalysts

In order to investigate the effect of the methyl group
attached to the olefinic group of 2-butenal on the selecti-
vity behavior during the hydrogenation of «—f unsaturated
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aldehyde, 2-propenal was used as the reactant. 2-Propenal
(acrolein) is a lower homolog of 2-butenal with no terminal
methyl group attached to the olefinic group. These kinetics
experiments were restricted to HT-Co,Cojp, and HT-
Co4Cosg catalysts under conditions which gave the highest
2-butenol selectivity and the highest 2-butenol yields for
hydrogenation of 2-butenal to 2-butenol. Scheme I1I shows
the reaction pathway for 1-propenal hydrogenation (34).
In addition to reduction of olefinic and carbonyl groups,
structural isomerization has been reported in the litera-
ture to lead to formation of 2-propanone (acetone) and
2-propanol (34). Table 5 lists the product distribution dur-
ing 2-propenal hydrogenation over HT-Co,Co;,; and HT-
Co4Cosg catalysts. Figure 11 shows ratio of selectivities of
unsaturated alcohol to saturated aldehyde (U-OH/S-AL)
during 2-propenal and 2-butenal hydrogenation over HT-
Co,Co12 and HT-Co4Cog catalysts. On the HT-Co,Co;; cat-
alyst, in temperature range 373-393 K, the U-OH/S-AL ra-
tio is 0 to 0.2 for 2-propenal hydrogenation and 0.2 to 7 for
2-butenal hydrogenation. On the HT-Co4Co1s the U-OH/S-
AL ratiois 0 to 0.3 for 2-propenal hydrogenation and about
1 for 2-butenal hydrogenation. Thus, under optimum se-
lectivity conditions for both HT-Co,Coy; and HT-Co4Cosg
catalysts, more saturated aldehyde is formed relative to un-
saturated alcohol when 2-propenal is used as the «—8 un-
saturated aldehyde instead of 2-butenal demonstrating an
important role for the methyl group of 2-butenal.

DISCUSSION

Catalyst Activation

Thermal activation of the different precursors results in
a initial loss of carbonyl ligands and further heating results
in the elimination of the carboxylate ligands. At 393 K only
some of the carbonyl groups dissociate and leave as CO.
This allows the formation of a partially decomposed species,
the LT catalysts. While there is no direct evidence concern-
ing the resulting geometrical structure, the IR, TGA, and
TPD-MS results point to the carbonyls leaving first and
then the carboxylates. This suggests an intact, but modified,

TABLE 5

Product Distribution during 2-Propenal Hydrogenation over HT-Co4Co;3 and HT-Co,Co4, Catalysts

Percentage Selectivity
conversion Propane 2-Propanone 1-Propanal 1-Propanol 2-Propanol 2-Propenol
HT—CO4CO13
423 K 143 53 8.8 53.5 19.3 0.0 13.2
423 K 27.6 41 33 66.5 16.7 0.0 9.4
423 K 338 4.8 0.0 72.6 143 0.0 8.3
HT—C02CO12
373K 17.3 71 21.4 59.5 4.8 0.0 7.1
373K 271 2.6 7.0 68.4 17.5 0.0 4.4
393K 38.6 53 2.3 75.1 15.1 0.0 2.3
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aldehyde (U-OH/S-AL) observed in hydrogenation of 2-propenal and 2-
butenal over HT-Co4Coyg and HT-Co,Co;; catalysts.

carboxylate core structure related to that of the initial pre-
cursors (Scheme II). Consequently, the LT-series may con-
sist of a metal-carboxylate core structure covered by cobalt
atoms. The presence of metal-like cobalt atoms is estab-
lished by the XPS measurements. The necessary shrinkage
of the clusters caused by CO loss creates pores with in-
ternal surfaces of cobalt atoms independently of the pres-
ence of the metal within the cluster core (24). Whether
the relative arrangement of the metal atoms in the pre-
cursor is retained is not known. However, it is known that
different precursors give different materials. The charac-
terization and activity results indicate that the inner metal
atoms are screened from the outer cobalt atoms structurally
and electronically by the intervening carboxylate groups
in LT-catalysts. Hence, only the outer cobalt atoms should
be catalytically active for the LT-catalysts. All LT catalysts
derived from precursors having the same structure exhibit
similar activities. Further activation of the LT-structures at
higher temperatures (HT activation) results in the elimi-
nation of the remaining carbonyl ligands and carboxylate
ligands (but not all the main group elements) as supported
by the infrared, TGA, and TPD-MS measurements.
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Before activation, the precursors have low surface ar-
eas. Thus activation is also important in obtaining high sur-
face area materials. The M4Coys type catalysts (CosCoqg
and ZnsCoqg) have higher surface areas than the M,Coy;
type catalysts (Co,Co1z, CupCoip and Mo,Coqy) and the
tricobalt cluster [(CO)yCo3CCO,H] catalysts. The M4Cog
precursors have metal oxygen bonds in the core of the clus-
ter of clusters. The metal-oxygen has higher bond strength
than the metal-metal bond in the M,Co;; precursors [Co-O
bond strength: 88 kcal/mol (35)]. The structurally more sta-
ble core in the M4Co;g catalysts appears to lead to higher
surface areas upon thermal activation. The generation of
surface area during dissociation is counteracted by the sin-
tering occurring as metal-metal bond formation also takes
place. The retention of the high surface areas seems to
be related to the stability of the core structure which re-
sists sintering. Thus, the HT catalysts consist of some or-
ganic species in addition to metal and can be visualized as
metastable mixture of organic species (mostly carbon) and
metal atoms. The structure of the precursor and sintering
in the catalyst governs the extent of thermolysis and the
catalyst microstructure.

Mechanism of Hydrogenation

As shown in Scheme I, the hydrogenation of 2-butenal
can occur as two parallel reactions. Hydrogenation of the
carbonyl bond yields 2-butenol or hydrogenation of the
olefinic bond forms 1-butanal. Hydrogenation of 2-butenal
to 1-butanal is thermodynamically more favorable than
the hydrogenation of 2-butenal to 2-butenol. The free en-
ergy changes for 2-butenal hydrogenation to 1-butanal are
~ —17 kcal/mol at 300 K and ~ —12 kcal/mol at 500 K
(3) and this reaction is irreversible. On other hand, for
2-butenal hydrogenation to 2-butenol with free energy
changes ~ —6 Kcal/mol at 300 K and &~ —3 kcal/mol at 500
K, significant equilibrium concentration of 2-butenal is pos-
sible especially at higher reaction temperatures. During hy-
drogenation of 2-butenol over HT-Co4Co;sg, as high as 25%
2-butenol was dehydrogenated into 2-butenal. During hy-
drogenation of 2-butenol over HT-Co,Co1,, no 2-butenal
was detected in the product stream, suggesting higher acti-
vation energy barrier for the formation of 2-butenal. Once
2-butenol is formed, its further hydrogenation to 1-butanol
and/or hydroisomerization to 1-butanal is also thermody-
namically favorable. The free energy changes for hydro-
genation of 2-butenol to 1-butanol are &~ —19 kcal/mol at
300 K and ~ —12 kcal/mol at 500 K (3) and the free en-
ergy changes for the isomerization of 2-butenol to 1-butanal
are ~ —11 kcal/mol at 300 K and ~ —7 kcal/mol at 500 K,
suggesting that both hydroisomerization and hydrogena-
tion reactions are irreversible. No or little isomerization of
2-butenol to 1-butanal (less than 10%) was observed dur-
ing hydrogenation of 2-butenol over Co,Coj, and Co4Co1g
catalysts. Thus, for both Co4Cos and Co,Coj, catalysts,
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there is a high activation energy barrier to the hydroiso-
merization reaction.

The relative rates of 2-butenal hydrogenation to 2-
butenol, 2-butenal hydroisomerization to 1-butanal, and
2-butenol hydrogenation to 1-butanol determine the
2-butenol selectivity. The relative rates of these reactions
depend on the activation energy barriers posed to these
reactions by the catalysts used. In the cluster of clusters
catalysts, the activation barriers depend on type of metals
in the catalyst and the catalyst microstructure. The former
affects the activity via electronic and/or structural factors
and the latter will determine the accessibility of the reacting
functional groups to the active catalyst.

Preceding the hydrogenation, carbonyl or olefinic groups
are activated by formation of bridging or linear bonds with
the active site of metal atoms (metal-carbon or metal-
oxygen). Such a process involves partial breakage of bonds
in the functional group followed by bond formation to the
active site. The bond energy of a C=C bond (147 kcal/mol)
is lower than the bond energy of C=0 (171 kcal/mol) (5)
which is important when complete breakage of bonds oc-
cur. Likewise, the partial rupture of bonds occurring during
activation of C=0 and C=C functional groups may follow
the same trend leading to more activation of the olefinic
bond than the carbonyl bond. While this result is the norm
in heterogeneous catalysis (3, 4), it is not the case for the
cluster-derived catalysts.

As described above, the various cluster of clusters cata-
lysts exhibit different 2-butenol selectivities and 2-butenol
yields as a function of temperature and/or 2-butenal con-
version. For example, at 393 K for HT-CosCoig and
HT-Zn4Co1g, the maximum 2-butenal selectivities observed
are both high. However, at 423 K, HT-Co4Co1s is more ac-
tive and selective toward 2-butenol than HT-Zn4Cog. The
only difference in the precursor structures of HT-Co4Co1s
and HT-Zn4Coss is the identity of the core metal of the
precursors. In the catalysts derived from the M,Coy; pre-
cursors similar behavior is observed. As reported earlier,
surface enrichment by core metals is observed during ac-
tivation of some bimetallic cluster of clusters. Enrichment
of one (inert or reactive) metal on the surface of the cat-
alyst can change the number of active sites next to each
other. This is an ensemble effect (36) which can affect the
activity and selectivity behavior (36, 37). In HT-Zn4Co;s,
according to XPS experiments, an enrichment of the sur-
face with Zn is observed, leading to a lower surface density
of active cobalt atoms which reduces the activity of the cata-
lyst. According to hydrogen chemisorption measurements,
HT-Co4Co1s catalyst adsorbed as much as six times more
hydrogen per unit surface area than HT-Zn4Co;g catalyst.
XPS experiments (27) also indicated that Cu atoms migrate
to the surface upon high temperature activation reducing
number of surface Co atoms, resulting in lower activity. Sin-
gle metal catalysts are more active than bimetallic, leading
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to higher 2-butenol yield (e.g., HT-Co4Coss at 423 K) or
higher 2-butenol selectivity, since reaction can be carried
out at lower temperatures (e.g., HT-Co,Co1; at 373 K). An-
other possible effect of the presence of other metal is the
electronic effect (8) of the addition of the other metal since
in HT catalysts two metals may interact electronically.

Lawrence et al. (18) reported that addition of copper to
nickel catalyst improved the selectivity of unsaturated al-
cohol during hydrogenation of «—@ unsaturated aldehyde
but decreased the catalyst activity. The presence of Cu in
HT-Cu,;Coy; had similar effect, giving higher yield of un-
saturated alcohol than HT-Co,Coy; at 393 K, but exhibiting
lower activity than HT-Co,Co1;. Electrochemical potentials
for reduction of ions with reference to hydrogen electrode
for the metals of interests are as follows: Co = —0.28, Ni=
—0.26, Cu= +0.342, Mo = —0.20, Zn = —0.78 (35). Co and
Nihave about the same electrochemical potentials and Cuis
much more electropositive than Co or Ni. Addition of more
electropositive metal to the catalyst has been reported to
improve the unsaturated alcohol selectivity in hydrogena-
tion of «—fB unsaturated aldehyde. Waghare et al. (16) re-
ported that addition of Na and K to Ru/SiO;, and Ru/Y-
zeolite catalysts improved unsaturated alcohol selectivity.
The unsaturated alcohol selectivity increased marginally by
the presence of Mo in the core of the cluster of clusters since
Mo is only slightly electropositive than Co, whereas Zn is
less electropositive than Co, resulting in lower 2-butenol se-
lectivity. The promoting effect of the electropositive metals
may occur through bonding between the oxygen atom of
the C=0 group and the electropositive metal ion adjacent
to cobalt. Other promoter atoms on the catalyst surface are
possibly neutral, resulting in the observed decrease in the
catalytic activity.

Although the type of metal is an important factor affect-
ing the unsaturated alcohol selectivity in hydrogenation of
a—f unsaturated aldehyde, the structure of the precursor
seem to have more profound effect on activities and se-
lectivities. Co,Co1z, Co4Co1s, and the tricobalt cluster pre-
cursors have different structural arrangements but these
catalysts are formed from a single metal. The 2-butenol se-
lectivities and yields observed as a function of temperature
and 2-butenal conversion during 2-butenal hydrogenation
are different based on whether the catalysts are derived
from Co,Co1, or Co4Co15. HT-Co,Co1, and HT-Co4Cosg
have comparable surface areas. However, the turnover fre-
quencies for HT-Co,Coj; are higher than those for HT-
Co4Coss, indicating that HT-Co,Coj; is more reactive than
HT-Co4Co1s. The 2-butenol selectivity behavior and the ki-
netic parameters of HT-Co4Co1g and HT-Co,Co;; catalysts
are quite different. Regarding the selectivities of the sat-
urated aldehyde, the HT-tricobalt cluster catalyst is much
more selective to saturated aldehyde, (as high as 80%) than
HT-Co,Co, and HT-Co4Co1g catalysts, i.e., it behaves more
like conventional catalysts. The only difference among
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these catalysts is the structure of the precursors which give
different microstructures upon thermal activation.

The microstructure affects the activities and selectivi-
ties via the accessibility of the reacting organic molecule
and/or the functional groups to the catalytically active sur-
face. Blackmond et al. (38) studied hydrogenation of «—f8
unsaturated aldehydes 3-methyl 2-butenal and cinnamalde-
hyde over Ru, Rh, and Pt supported on Y-zeolite and acti-
vated carbon and found that the selectivities of unsaturated
alcohol are dependent on the structure of the catalyst sup-
ports. The microstructures of the catalysts we used, should
be of molecular dimensions because of the nature of the
catalysts preparation involving the molecular precursors
having a predetermined structure. The catalyst is formed
by removal of molecular groups like CO and CO; through
thermolysis. This means that the residual structure after ac-
tivation will have a microstructure of molecular dimensions
which is modified by sintering which can vary depending
on the precursor used. 1,2 Adsorption, 3,4 adsorption, and
1,4 adsorption are the three possible ways the catalyst can
interact with incoming reactant molecules of «—8 unsat-
urated aldehyde (see Scheme IV) (34, 39). Based on our
results, 1,2 adsorption on the surface of the catalyst will
be more favorable than 3,4 adsorption or 1,4 adsorption in
cases where more unsaturated alcohol is formed than sat-
urated aldehyde. In 1,2 adsorption, 2-butenal is anchored
to the catalyst from the carbonyl end, whereas the olefinic
bond (with methyl group attached to it in case of 2-butenal)
attaches to the catalyst in 3,4 adsorption. The structure of
the catalyst, which is tailored by the proper choice of precur-
sor, determines the active site configuration on the catalyst
surface leading to a specific selectivity.

The catalysts derived from the cluster of clusters
exhibited different selectivities for unsaturated alcohol
formation when 2-propenal was used as the ¢—f unsatu-
rated aldehyde instead of 2-butenal. Unlike 2-butenal, 2-
propenal does not have a terminal methyl group attached
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to the olefinic bond. The ratio of the selectivities of satu-
rated aldehyde to unsaturated alcohol increased dramati-
cally upon using 2-propenal as the a—p-unsaturated alde-
hyde instead of 2-butenal. The catalyst surface morphology
allows the discrimination of the reacting molecule based
on their structure, resulting in different selectivity behavior.
Though, there is no direct evidence of the specific structural
features of the catalyst derived from the cluster of clusters,
our kinetics results for the hydrogenation of two types of
a—f unsaturated aldehydes over the catalysts derived from
the precursors of different structures, point to the catalyst
geometric structure as the origin of the selectivity behavior.

During 2-butenal hydrogenation over HT-Co4Cog cata-
lyst, there is a transient period in which 2-butenal conver-
sion, and 2-butenol selectivity and yield increase and sta-
bilize. Thus, catalyst activation occurs in the presence of
the reactants. However, such activation does not require
2-butenal. During 2-butenol hydrogenation, pretreating
HT-Co4Co1g with 2-butenal did not change activity and se-
lectivity behavior. For HT-Co,Coj», the time dependence of
the activity and selectivity is exactly opposite. The 2-butenal
conversion decreases with time under the optimum selectiv-
ity (100% 2-butenol) condition. Thus, the induction period
in the 2-butenal activity also depends on the microstructure
of the catalyst. DRIFTS analysis under reaction conditions
showed that during reaction some hydrocarbon species ac-
cumulate on the surface of the catalyst. This has also been
reported in the literature for the hydrogenation of other
a—f unsaturated aldehydes (40). These hydrocarbon
species disappeared upon treating the catalyst in H; in ab-
sence of 2-butenal. According to the time on stream activity
measurements (see Fig. 7), the catalyst activity decreases
upon treatment in hydrogen. The hydrocarbon species on
the catalyst surface interacts with the catalyst and surely
leads to catalyst activation in the case of HT-Co4Co;g cata-
lyst. In case of HT-Co,Co1,, hydrocarbon species on the
surface leads to deactivation. Thus, based on the structure
of the catalyst, active sites are generated or poisoned in
the presence of 2-butenal. Thus, the hydrogenation of 2-
butenal over HT-Co4Co1s and HT-Co,Coj; catalysts is a
reactant sensitive reaction.

CONCLUSIONS

The molecular precursor of clusters of clusters con-
taining metal carbonyl cluster substituted carboxylate lig-
ands upon partial thermolysis and complete thermolysis
yield active hydrogenation catalysts. The hydrogenation of
a—pB unsaturated aldehyde, 2-butenal, over cluster of clus-
ters catalysts was investigated. The catalyst activity and
2-butenol selectivity depend on the type of metals used
and as well as the microstructure. Monometallic catalyst
HT-Co4Coig gave the highest 2-butenol yield observed of
about 28% at 423 K. The highest 2-butenol selectivity
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observed was 100% for HT-Co,Coq, at 373 K. The tri-
cobalt cluster catalyst is less active and less selective to
2-butenol than Co,Coi; and Co4Cosg catalysts. Bimetal-
lic catalysts derived from the cluster of clusters such as
Mo,Coyz, CupCorz, and ZnsCosg exhibited lower activity
and lower maximum 2-butenol selectivity than the corre-
sponding single metal catalysts having the same precursor
structure. The results unambiguously show that the precur-
sor structure determines catalyst microstructure which, in
turn, determines activities and selectivities.
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