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Abstract—Based on the results obtained using chemical, kinetic, and physical techniques (EPR, IR, and UV
spectroscopy; transmission electron microscopy; and XRD analysis), the formation of active species in the tri-
ethylaluminum-bis(tris)(acetylacetonato)cobalt system, which is known to be a hydrogenation catalyst, has
been considered. It has been found that nanosized particles are formed in this system; the core of these particles
consists of Co” atoms stabilized by a shell containing Et,Al(acac), AlEt;, and their reaction products. The extre-
mal dependence of the hydrogenation activity of the system on the Al/Co ratio is primarily due to changes in
the composition of the protective shell of nanosized particles.
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Ziegler-type systems based on transition metal com-
plexes are widely used as efficient catalysts for the
polymerization [1, 2], hydrogenation [3-5], isomeriza-
tion [4-7], dimerization, and oligomerization [7-9] of
unsaturated compounds. Previously [4-6, 10], it was
found that catalytic systems based on organoaluminum
compounds and transition metal acetylacetonates are
superior to all of the known homogeneous and hetero-
geneous catalysts based on first-row transition metals in
terms of specific activity in the hydrogenation reactions
of alkenes and arenes. Ziegler et al. [1] hypothesized
that cobalt and nickel acetylacetonates in the presence
of large excesses of trialkylaluminum form colloid
metal particles. However, this hypothesis was not sup-
ported in subsequent publications [3, 11]. Thus, the
question concerning the homogeneous or microhetero-
geneous nature of the above catalytic systems is still
open. Experimental data [12-14] were interpreted in
terms of the formation of polynuclear complexes con-
taining cobalt in a reduced state and organoaluminum
compounds in the system; however, the structure of
these species was not discussed. The mechanisms of the
formation of active species and the catalytic action of
the system, that is, the composition and structure of the
catalyst, the oxidation state of a transition metal, and
the role of triethylaluminum remain the subject of dis-
cussions.

The interaction of triethylaluminum with bis(acety-
lacetonato)cobalt and tris(acetylacetonato)cobalt was
studied previously [15-21]. According to Dmitrieva
et al. [21], the oxidation number of cobalt in a catalyti-
cally active species is equal to 2; however, according to
Tamai et al. [16], Co?* is reduced to Co®.
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Contradictory published data on the interaction of
catalytic system components do not allow us to inter-
pret reliably the general concepts of the effect of the
composition of the system on the properties of cata-
lysts. The formation of catalysts is still understood
incompletely, although the structure of catalyst precur-
sors has been studied using EPR [12-15], IR [16], and
UV spectroscopy [15, 19, 20] to give information on a
possible mechanism of the process.

Here, we report the results of a study of the AlEt;—
Co(acac),, system and precipitates formed in the sys-
tem in toluene and benzene solutions at various Al/Co
molar ratios by EPR, UV, and IR spectroscopy; X-ray
diffraction (XRD) analysis; transmission electron
microscopy (TEM); and elemental analysis.

EXPERIMENTAL

Solvents and acetylacetone were purified in accor-
dance with published procedures [22], dried, and
degassed. Triethylaluminum was distilled in a vacuum
(bp 48-49°C/1 Torr) and used as a 0.5 M solution in
hexane. Bis(acetylacetonato)cobalt and tris(acetylacet-
onato)cobalt were prepared in accordance with pub-
lished procedures [23]. Samples with various crystal
water contents (Co(acac),, Co(acac),-0.5H,0O, and
Co(acac),-1.5H,0) were prepared by regulating the
time of sample drying and calcination. Hydrogen was
purified by passing through a nickel-chromium catalyst
(T'=350°C) for the removal of oxygen and by freezing
with liquid nitrogen in coiled pipes and passing through
tubes packed with silica gel for the removal of mois-
ture.
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Alkene Hydrogenation

The reaction was performed at 20°C in a glass long-
necked flask with intense shaking (300 swings per
minute) using a system that allowed us to measure the
consumption of hydrogen by monitoring a pressure
decrease in the system. After a decrease in the pressure
of hydrogen by no more than 20%, the initial pressure
was restored by supplying H, from a buffer vessel. A
portion of Co(acac), (0.1-0.2 mmol) and 15-18 ml of a
solvent were placed in a long-necked flask blown with
hydrogen; a solution of AlEt; (0.2-2.0 mmol) was
added dropwise from a Schlenk vessel, and 1-2 ml of
an alkene was introduced. Next, the vessel was closed,
the pressure of hydrogen was increased to 1-1.5 atm,
the rocker was turned on, and the measurements were
performed.

Sample Preparation for Studies

EPR spectroscopy. Catalytic systems were formed
at 20°C in an atmosphere of argon or hydrogen in a ves-
sel with a branch piece that allowed us to perform EPR
measurements. The concentration of complexes was
10-20 mmol/l. The spectra were recorded on a Rubin
spectrometer at a working frequency of 9.6 GHz 5 min
after the preparation of the system at 77 K or at room
temperature. The DPPH radical (g = 2.0036 = 0.0003)
served as a reference substance for the determination of
the g factor. The hyperfine structure (HFS) constants
were calculated with the use of a signal due to Mn?*
in MgO.

UV spectroscopy. The reactions were performed in
a vacuum (1073 Torr) in glass systems connected to
quartz cells with an optical path length of 0.1 cm of a
Specord UV-VIS spectrometer. The UV spectra were
recorded in the region 50000-28000 cm™".

IR spectroscopy. The solutions of complexes and
mixtures (cobalt concentration C, = 25 mmol/l) were
prepared in a vacuum in an atmosphere of dry argon.
Next, the mixtures were transferred to a prepumped
KBr cell 0.013 cm in thickness, which was filled with
argon, with the use of a syringe. Solid samples were
prepared by distilling toluene in a vacuum system,
washing the precipitate with anhydrous hexane, and
drying the samples in a vacuum (30°C/1 Torr). Dry
samples were sealed in ampules in an atmosphere of
argon. The IR spectra were measured on an IFS-25
spectrometer after dissolving the samples in mineral oil
or pelleting them with KBr.

X-ray diffraction analysis. The XRD analysis of
solid precipitates, which were prepared as in the case of
IR-spectroscopic analysis, was performed on a DRON-
3M diffractometer (CukK,, radiation).

Transmission electron microscopy. Micrographs
were obtained on a BS-540 instrument. A catalyst solu-
tion (Cg, = 5 mmol/l) was applied to carbon-coated
copper gauze in an atmosphere of argon, and the sol-

KINETICS AND CATALYSIS  Vol. 47

No. 1 2006

w, mmol 1 ! min~!

120

100 -

80

60

40

20

0 2 4 6 8 10 12 14

16 18
Al/Co

Fig. 1. Dependence of the rate of styrene hydrogenation in
the AIEt;—Co(acac), - nH,O system in toluene at 20°C
on the Al/Co ratio: n = (1) 0 or (2) 1.8. C¢, = 10 mmol/l;
C =1 mol/l.

styrene

vent was separated in the transfer chamber of the instru-
ment.

Preparation of diethylaluminum acetylaceto-
nate. Acetylacetone (5.4 ml) was added to a solution of
55.2 mmol of AlEt; in 20 ml of decalin at —45°C for 1 h
in an atmosphere of argon. The mixture was brought to
room temperature with stirring and distilled in a vac-
uum. A pale yellow fraction with bp 68—72°C/3.5 Torr
was taken. The product was poured into thin-walled
glass globules and sealed. The molecular weight was
M =310 % 30, as measured by cryoscopy in benzene.
'"H NMR spectrum (3, ppm): 0.53 (q, CH,, J =
8.24 Hz), 1.54 (t, CH;, J = 8.24 Hz), 1.58 (s, CHs), and
4.95 (s, CH).

Gas-chromatographic analysis. The GLC analysis
was performed on an LKhM-80 chromatograph using a
column 1 m in length packed with zeolite CaA (particle
size of 0.18-0.2 mm) at 20-50°C. Nitrogen or helium
was the carrier gas. The liberated gas volume was cal-
culated based on Henry’s coefficients with consider-
ation for the solubility of gas components in toluene.

RESULTS AND DISCUSSION
Hydrogenation Activity

The dependence of the catalytic activity of the
AlEt;—Co(acac), - nH,O system on the Al/Co molar ratio
in the hydrogenation of alkenes exhibits an extremum
(Fig. 1). The position of an extremum depends on the
water content of the starting cobalt complex: in the case
of an anhydrous sample, it corresponds to the ratio
Al/Co = 3.5-4.0, whereas it corresponds to a ratio of
8—10 in the case of Co(acac),-1.8H,0. In the presence of
water in the complex, the maximum rate of hydrogenation
also increased (96.4 against 46.9 mmol 1! min™).

The hydrogenation of 1-hexene at 20°C was accom-
panied by its isomerization to 2-hexene and 3-hexene;
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a maximum activity was also reached at the ratio
Al/Co = 3.5-4.0. However, as the concentration of
cobalt was decreased, the activity maximum shifted
toward higher values of Al/Co. The highest activity of
the AlEt;—Co(acac), system was observed in a heptane
medium at low concentrations of parent Co(acac);
(Table 1). Thus, in the hydrogenation of 1-hexene at the
ratio Al/Co = 50, the catalyst turnover number (TON)
in heptane (Table 1, experiment no. 2) calculated from
the initial rate of hydrogenation was greater than that in
toluene (Table 1, experiment no. 4) by a factor of 17.

As can be seen in Fig. 2, TON decreased with cobalt
concentration, whereas the rate of reaction passed
through a maximum at an optimum Al/Co ratio.
Because the TON of a truly homogeneous catalyst is
independent of C,, these results cannot be explained
on the assumption of a homogeneous system.

Interaction between Catalytic System Components

In the interaction of AlEt; (I) with Co(acac), (II) at
Cco, = 5 mmol/l and Al/Co = 2-8, a visually homoge-
neous dark brown solution was formed; this solution
did not undergo visible changes in an atmosphere of
argon for 10-15 h. In the presence of crystal water in II,
a black precipitate was formed, the yield of which
increased with increasing water content of parent
Co(acac),. In all cases, gas evolution was observed.

Gas evolution. The main amount of gas was
released in 5 to 6 min from the mixing of reagents in
toluene. The gas yield increased with Al/Co ratio and
reached 3.4 and 5 mol per mole of cobalt in the case of
anhydrous compound II and Co(acac),-0.5H,0O (Ila),
respectively. Ethane, ethylene, and dimerization prod-
ucts of the latter (butane and butenes) were detected in
the gas (Table 2).
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A greater gas amount was released in a system with
ITa because of the hydrolysis of I by crystal water. The
formation of more than 2 mol of gaseous products per
mole of cobalt in a system with II and a nonstoichio-
metric ratio between ethane and ethylene suggest that
the test reaction cannot be brought to the reduction of
Co?* to Co? in accordance with the equation

Co(acac), + 2AlEt,

I

— Co(0) + 2Et,Al(acac) + C,Hgs + C,H,. ©

A reaction analogous to reaction (I) was mentioned

in previous publications [16, 24], where the degrada-

tion of organocobalt compounds with the formation of

free radicals was hypothesized. However, according to

our data, the yield and composition of a gas phase

remained unchanged in the presence of styrene, which

can quantitatively scavenge free radicals. Conse-

quently, the process occurred without radical escape
into the bulk.

The gas composition is consistent with concepts of
the disproportionation of ethyl radicals formed in the
system to ethane and ethylene and the dimerization of
these latter to butane and isomeric butenes. The forma-
tion of ethylene and ethane in the disproportionation
reaction occurred through intermediate III via reaction
path b (Scheme 1). However, this does not explain the
reason for excessive gas evolution. A great excess of
ethane suggests the presence of additional sources of
hydrogen in the system. We found that hydrogen can be
abstracted from the solvent (toluene) with the forma-
tion of a benzyl derivative of Co?* (IV) via reaction
path c¢. This was supported by the fact that deuterated
toluene was present in the reaction mixture after its
decomposition with heavy water.

CHs.
Co(acac), + AlEt; —~ (acac)Co, “AlEt,
“acac
CoHs . /
(acac)Co_ “Al(acac)Et ¢ CHs
"C,Hs (acac)Co—CH,—Ph 2% EtCo(acac) + PhCH,AIEt,
111 v
g
+ C,Hg + EtyAl(acac)

[(acac)Co'* + Et’] + Et,Al(acac)

AlEt;
N
Co(0) + C,Hg + C,H, + Al(acac),Et Al(acac);

Scheme 1.

Reaction path ¢ in Scheme 1 involves the formation
of complex benzyl derivatives of Co'* or Co?* like com-
pound IV, which subsequently react with I; as a result
of this, an additional release of gaseous products
occurred.

An additional source of excessive gas formation can
also occur: the decomposition of I on Co® complexes
with the formation of aluminum hydrides or reduced alu-
minum. Thus, in the decomposition of the Co(acac), +
8AIEt; system with an aqueous alkali solution after
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keeping a toluene solution in an atmosphere of argon
for 48 h followed by the evacuation of the solvent and
released gaseous products, hydrogen (2.6%) was
detected in a gas phase along with ethane (94.8%) and
ethylene (2.6%). This hydrogen was liberated as the
result of the hydrolysis of aluminum hydride or Al°.

Upon the interaction of compound I with anhy-
drous II, the concentration of ethylene in a gas phase
was much higher than that upon the interaction with
IIa. This was likely due to the occurrence of ethylene
dimerization, oligomerization, and polymerization pro-
cesses at a higher rate in the latter case. This was indi-
rectly supported by a higher concentration of dimeriza-
tion and hydrodimerization products (butenes and
butane) in the gas phase and by an imbalance in the
total amount of ethyl groups released in a reaction
between components and after the decomposition of
the system with water (in particular, the deficiency of
ethyl groups was 6.6 mol per mole of cobalt in the sys-
tem with II at the ratio Al/Co = 8). The amount of ethyl
groups bound to aluminum and released upon hydroly-
sis was 13.9 mol per mole of Co (57.5% of the initial
concentration). Thus, the formation of more than 2 mol
of gaseous products per mole of cobalt results from the
consecutive reactions of unstable alkyl and hydride
derivatives of Co** and Co'* under the action of 1.

The results of UV-, IR-, and EPR-spectroscopic and
TEM studies of the AIEt;—Co(acac),, catalytic system
in solutions are discussed below. The UV- and EPR-
spectroscopic data were published previously [12, 15,
19, 20], and they are given here in a brief form that is
sufficient for discussing the newly obtained results.

UV spectroscopy. Upon the interaction of I with
Co(acac); (IIb) in decalin (C, = 2 mmol/l) at the molar
ratio Al/Co = 3, the intensity of bands at 44000 (v,) and
39000 cm™" (v,) due to ITb decreased and the intensity
of a vy band due to Al(acac); (V) gradually increased.
The reaction was complete after 30 min. At the ratios
Al/Co = 6-10, along with the v, band, bands at 37300
(v4) and 32500 cm™ (vs), which correspond to
Et,Al(acac) (VI), appeared in the spectrum. In this case,
the concentration ratio between VI and V was 4 : 1. The
UV spectrum of the reaction mixture at the ratio
Al/Co = 20 exhibited only bands due to compound VI;
the intensity of these bands gradually decreased with
time because of the degradation of an acetylacetonate
chelate. Upon the addition of 2 mol of durene per mole
of cobalt to a system with the ratio Al/Co = 6, com-
pounds VI and V in a ratio of 10 : 1 appeared even after
2 min. At the ratio Al/Co = 10, the UV spectrum exhib-
ited only bands due to VI, this is indicative of the stabi-
lization of this compound in the presence of cobalt and
the arene. Thus, the ratio between the products of a
reaction of ITb with I depends on the Al/Co molar ratio.

Compound VI was formed in the reaction of I with
one equivalent of acetylacetone. The UV spectrum of
compound VI exhibited v, and vs bands; this fact sug-
gests that the above assignment was correct. The cryo-

KINETICS AND CATALYSIS  Vol. 47

No. 1 2006

Table 1. Hydrogenation of 1-hexene in the presence of the
AlEt;—Co(acac); catalytic system in heptane

Experiment no.| C¢,, mmol/l Al/Co TON, min™!
1 0.15 100 357
2 0.25 50 850
3 0.25 25 230
4% 0.25 50 50
5 0.50 25 200
Note: Cco =0.15-0.5 mmol/l; Cpexene = 1 mol/l; solution volume,

20 ml.
* In a toluene solution.

scopic determination of the molecular weight of VI
demonstrated that this compound mainly occurred as a
dimer species in benzene (M = 310 % 30). This fact, as
well as the occurrence of two bands in the UV spectrum
of compound VI in decalin, allowed us to assume that
compound VI also occurs as a dimer species in this
medium.

IR spectroscopy. A study of the interaction between
the components of the AlEt;—Co(acac), system in ben-
zene and toluene solutions demonstrated that the occur-
rence of this reaction in the above solvents did not
exhibit considerable differences. Therefore, the results
obtained in a benzene solution are discussed below.

At the ratio Al/Co = 2, 20 min after the mixing of
reagent solutions, the intensity of absorption bands at
1592 and 1520 cm™ due to v(C=0) + v(C=C) and
V(C=C) + v(C=0) combined stretching vibrations in
initial II, respectively [25], decreased and new bands at
1596 and 1530 cm™! appeared (Fig. 3). The intensity of
an absorption band due to v(C-Me) + v(C=C) stretch-
ing vibrations at 1258 cm™, which belongs to com-
pound II (10-15%) unreacted with I, also significantly
decreased, and a band at 1291 cm™' appeared due to an

10
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TE 16007
- 6 =
; 1008
24 »
X 2,
= <
5 200
1 1 1 1 1 1 1 1 I—O
0 2 4 6 8 10 12 14 16 18
Cco, mol/l

Fig. 2. Effect of cobalt concentration on (/) the rate of
1-hexene hydrogenation and (2) the catalyst TON.



58

1583,

15711——
1528 —
1378 —
1295

1226

1196

Fig. 3. IR spectra of the AlEt;—Co(acac)y(sy catalytic sys-
tem in benzene (C¢, = 25 mmol/l). Al/Co = (1) 0, (2) 2, (3)
4, or (4) 8. Spectra 2—4 were measured 20 min after mixing.

aluminum acetylacetonate compound. However, the
spectrum is not the superposition of the spectra of par-
ent compound II and resulting compound VI, because
the disappearing band at 1259 cm™ underwent a high-
frequency shift (1264 cm™) and the band due to T at
1228 cm™! was absent from the spectrum (Table 3). The
high-frequency shift of bands in this region of the spec-
trum is indicative of acetylacetone binding to a center
that is a stronger Lewis acid (Al as compared with Co).

The main bands of compound V in benzene solution
appeared at 1590, 1523 (v(C=0) + v(C=C)), 1291

NINDAKOVA et al.

(V(C-Me) + v(C=C)), and 485 cm™! (8(Al-0)) [2], and
the absorption band intensity ratio d(Al-0)/(v(C=0) +
v(C=C)) was equal to 0.5. This compound occurred in
an insignificant amount in the mixture because the
above ratio was 0.14 or 0.07 20 min or 3.5 h after mix-
ing. The latter value approaches the ratio between these
absorption bands in compound VI (0.05). Conse-
quently, the reaction occurred via the formation of com-
pound V.

At the ratio Al/Co =4, 20 min after the mixing of the
components, the v(C=0) + v(C=C), v(C=C) + v(C=0),
and v(C-Me) + v(C=C) absorption bands occupied
positions at 1587, 1529, and 1295 cm™!, respectively,
which are consistent with the set of absorption bands in
VI (Table 3).

Atthe ratio Al/Co = 8§, the IR spectra after 20 min exhib-
ited the above absorption bands. However, in this case, the
relative intensity of a band that appeared as a shoulder at
1570 cm™ on a band at 1587 cm™ (Al/Co = 4), which
underwent a low-frequency shift (1585 ¢cm™), increased.
The intensity of an absorption band due to the deformation
vibrations of AI-C—H bonds (1196 cm™) increased, and an
absorption band appeared at V(Al-O—C) = 1056 cm™ [2]
along with a band that retained its position at 1295 cm. In
the region of absorption due to the vibrations of Me—O
bonds, absorption bands at 480 and 464 cm™ with equal
intensities were present. The shape of the IR spectrum
measured 2 h after mixing coincided with that observed
at the ratio Al/Co = 8 after 20 min (Fig. 3). These
changes correspond to reactions shown in Scheme 2.

HaC AlEt;
o HC o 7 AIEt;
VRN LBt AlEt3 /C_O\ LEt
HC. Al Hc” AT —= |R,AI—0-C=CH-C=0
NSFZRN N2 | |
=0 E =0 Bt CH; CH;
H;C H;C
VI VII
Bt
R2A1—0—$=CH—$—O—AlEtZ
llzt l?‘lEtz IEt AlEty CH; CH;
R2A1—0—§—CH—(I:—0—AlEt2 VIII
CH; CHs
VIlIa

Scheme 2. Interaction of Et,Al(acac) with AlEt;.

Compound VI, which was formed at the ratios
Al/Co = 24, reacts with an excess of I with acetylace-
tonate chelate ring opening. The appearance and an
increase in the intensity of the absorption band v(Al-
0O-C) at 1056 cm™! are consistent with the formation of
structure VIII. The formation of VIIIa as a result of the
addition of the AlEt; molecule to VIII is also possible.
It is likely that compounds VIII and VIIIa are formed

in small amounts, and the major portion of acetylaceto-
nate groups occurred in a chelate form (as compound
VII at the ratio Al/Co = 4-8). Bonnemann et al. [26]
obtained nanosized colloid platinum particles coated
with a shell of compounds like VIIIa by the reduction
of Pt(acac), under the action of AlMe;. It is likely that
the addition of AlMe; to Me,Al(acac) occurs more
readily.
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Table 2. Yields and compositions of gaseous products of the reactions of compounds II and IIa with AlEt; in toluene

Reaction Yield, mol per mole of cobalt Product concentrations, %
with the par- Al/Co
ticipation of gaseous products| ethyl groups ethane ethylene butane butenes
11 2 1.54 1.58 89.8 7.8 2.4 0.04
4 2.12 2.16 76.1 22.3 1.1 0.6
8* 3.42 3.54 83.7 13 22 1.2
IIa 1 1.9 1.96 93.0 0.3 3.0 1.5
2 35 3.69 89.3 0.8 5.2 2.2
4 4.6 5.46 75.4 1.0 14.5 6.5
8 5.0 5.60 81.8 1.2 9.7 4.7

Note: C¢, =20 mmol/l; solution volume of 20 ml.
* Ceo = 10 mmol/l.

Table 3. Absorption bands (cm™) of the acetylacetonate complexes of cobalt and aluminum in the IR spectra of the nAlEt;—
Co(acac), system in benzene

B i V(C=C) + | Vv(C—CH,) + [3(AI-C-H) + o L
Sample v(C=0) V(C=C) V) vC=C) | 8(C_CHy | HARO-C) | 3(0-Al-0)
Co(acac), 1592 1520 1399, 1383, 1259 1197 - 465%
1365
Al(acac)s 1590 1523 1390 1291 1186 - 487,415
AlEt, 1401, 1376 1228, 1196 -
AlEty(acac) 1585 1530 1408, 1380 1295 1218, 1187 - 485 (w)
n =2 (after 20 min) 1596 1530 1408, 1381 | 1291, 1264 1193 - 493, 464
n =2 (after 3.5 h) 1598 1531 1408, 1393 | 1288, 1264 1190 - 493, 464
n =4 (after 20 min) | 1587, 1571 1529 1408, 1378 1295 1225, 1193 1100 493, 465
(sh)
n =8 (after 20 min) 1667, 1530 1408, 1378, 1295 1226, 1197 | 1100, 1056 | 480, 465
1585, 1574 1324
n =8 (after 135 min) 1667, 1530 1408, 1378, 1295 1226, 1197 | 1100, 1056 | 480, 465
1585, 1574 1324

Note: C¢, =25 mmol/l.
*v(Co-0) + v(C—CHj3) [26].

EPR spectroscopy. A solution of compound II in
toluene (Cc, = 10 mmol/l) did not give an EPR signal.
The addition of compound I to the system (Al/Co =
3-5) resulted in the appearance of two signals at 77 K
(Fig. 4): signal I with two-axis anisotropy (g, = 2.344,

g, =2054, A,° =6.08 mT, and A" = 1.48 mT) and

broad signal 2 due to the ferromagnetism of cobalt (g =
2.26; AH = 80 mT).

The intensity of signal / continuously increased
with Al/Co ratio, and the concentration of the corre-
sponding complexes became commensurable with the
initial concentration of compound II, whereas the
dependence of the intensity of signal 2 passed through
a maximum. As the water content of the system was
increased (to 2 mol per mole of cobalt), the intensity of
signal 2 increased.

Signal / was observed in systems containing an ini-
tial cobalt complex with oxygen-containing ligands
(acetates and salts of amino acids) and organometallic
Vol. 47 2006
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compounds of aluminum, magnesium, sodium, and
lithium in the presence of arenes and in systems formed
of cobalt halides in the presence of alkyl acetates or
diethyl ether [27-29]. Signal / in the EPR spectra of the
Et;Al-Co(acac),;, system, on the one hand, and the
absorption bands of compound VI, which is stabilized
in the presence of an arene and cobalt, in the UV spec-
tra of the above system, on the other hand, characterize
the same complex of Co’, for which the following
structure of the ar complex [(N®-ArH)CoR(acac)AlEt,]

AIR; was proposed:

N

Co

BT ELAI*
EtAlL §
0—
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Fig. 4. EPR signals observed in the AlEt;—Co(acac), sys-
tem: (/) the complex [(n6—ArH)RCo(acac)AlEtz]’AlR;r ,(2)

ferromagnetic Coo, and 3) the
[(M%-ArH)Co(CH,=CHR')(acac)AIR,].

complex

The intensity of signal / decreased three times and
signal 3 due to a w complex of Co” appeared 20 min
after the addition of 1-hexene to the system formed in
an arene solution. This T complex of Co® was formed
because of the displacement of an organoaluminum
compound by the olefin from the coordination sphere of
cobalt: [(MS-ArH)Co(CH,=CHR')(acac)AIR,] (Fig. 4,
spectrum 3). In the course of 1-hexene hydrogenation in
the Et; Al-Co(acac),-0.5H,0 system (C¢, = 12.5 mmol/l;
Al/Co = 6), signal 3 disappeared and the intensity of
signal 2 and k. reached maximum values. This fact
demonstrates that the alkene—arene complexes of Co°
are the precursors of a true hydrogenation catalyst. In
the course of hydrogenation, labile Co’ complexes are
transformed into ferromagnetic structures (signal 2),
which are also alkene hydrogenation catalysts.

Thus, the results obtained using EPR, IR, and
UV spectroscopy demonstrate that the formation of
compound VI and the reduction of initial Co** to Co°
occurred in the AlEt;—Co(acac), catalytic system at the
ratios Al/Co = 2-8. The subsequent appearance of
broad signal 2 in the EPR spectrum was due to the man-
ifestation of the ferromagnetic properties of cobalt.

Transmission electron microscopy. Figure 5
shows the micrographs of the Co(acac),—AlEt; system
at the ratio Al/Co = 4 (C¢, = 5 mmol/l), which were
obtained after the evaporation of a toluene solution. The
sample contained primarily spherical particles from 2
to 5 nm in diameter. As can be seen in the micrographs,
coarser formations of size 10-50 nm (precipitated par-
ticles) consist of smaller particles with a basic size of
5 nm. The bar diagram of a small particle size distribu-
tion exhibited two pronounced maxima at 2.6 and
5.0 nm (Fig. 6).

Thus, the interaction of catalytic system compo-
nents resulted in the formation of nanosized particles

Fig. 5. Micrographs (TEM) of cobalt nanoparticles in the
AlEt3—Co(acac), catalytic system in toluene (Cg, =
5 mmol/l; Al/Co = 4).

dispersed in toluene and likely stabilized by the result-
ing organoaluminum compounds and/or the solvent.

Composition and Nature of Solid Products

To determine the composition of a stabilizing shell,
we studied precipitates separated from the catalytic
system away from oxygen and moisture at the ratios
Al/Co =2, 4, and 8 (solvent evacuation, washing with
hexane, and drying).

IR spectroscopy. The IR spectra of the precipitates
(Fig. 7) also exhibited characteristic vibrational fre-
quencies of acetylacetone bound to the aluminum atom
to form a chelate (1600, 1530, and 1296-1301 cm™). In
the region 600-800 cm™!, a broad intense band charac-
teristic of the vibrations of Al-O bonds was observed.
Absorption bands due to AI-C (1193 and 694 cm™") and
Vol. 47 2006
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Fig. 6. Bar diagram of the particle-size distribution in the
4AlEt;—Co(acac), system.

Al-O bonds (1073 and 1112 cm™) were also present. A
comparison between the absorption band positions of
individual aluminum compounds (Table 3 and [2]) and
the test samples demonstrated that the precipitates con-
tained Et,Al(acac), alumoxanes containing the Al-O—Al
bond (570-780 cm™), and a small amount of
(EtO),Al(acac) (800 cm™). The latter compound was
likely formed as a result of the partial oxidation of
Et,Al(acac) in the course of sample preparation for
spectroscopic measurements. It is unlikely that com-
pound V, for which the absorption band intensity ratio
V(AI-0)/(v(C=0) + v(C=C)) is equal to 0.5, was
present in the precipitates, because the above ratio was
no higher than 0.06 in all of the samples that exhibited
an absorption band due to the vibrations of the Al-O
bond.

X-ray diffraction analysis. The precipitates sepa-
rated from the catalytic system with the ratio Al/Co =4
by the above procedure exhibited a broadened diffrac-
tion line and were X-ray amorphous because of the high
dispersity of particles [30]. After calcination in an
atmosphere of argon at 450°C for 4 h, the samples
became more crystalline, and the XRD patterns clearly
exhibited lines due to four diffraction maxima with d/n
2.040 (I, 100), 1.773 (80), 1.253 (50), and 1.07 (50).

Transmittance

1600 1300 1000 700

v, cm™!

Fig. 7. IR spectrum of the precipitate separated from the
8AIEt3—Co(acac)y 3y system (in mineral oil).

According to Mikheev [31], these lines belong to ele-
mental cobalt in a cubic modification (B-Co). The par-
ticle size calculated using the Selyakov—Scherrer equa-
tion [32] was ~10 nm. An additional heating of the sam-
ple at 500°C for 5 h resulted in a further narrowing of
diffraction peaks, and the calculated particle size
increased to ~19 nm.

We failed to detect other cobalt or aluminum com-
pounds; this suggests that organoaluminum compounds
are volatile (liquid). Note that, in the course of calcina-
tion, a viscous light yellow substance was accumulated
at the top of the test tube.

Elemental analysis. Elemental analysis evidenced
the presence of cobalt and aluminum with the molar
ratio Al/Co = 1.88-2.2 in the precipitates. The elemen-
tal analysis of samples separated from the system at the
ratios Al/Co = 2, 4, and 8 and after 1-hexene hydroge-
nation indicated that the concentrations of Co (17.7—
18.4%), Al (16.1-17.9%), C, and H, as well as the ratios
between the elements in the latter three cases, were
similar (Table 4).

A comparative evaluation of the ratios between the
elements in the resulting samples and organoaluminum
compounds, the formulas of which are given in Table 4,
demonstrated that the organoaluminum compounds are
closer to alumoxanes in composition (the degree of oli-
gomerization of 4-5). It is likely that, in the course of

Table 4. Ratio between the elements (mol/mol) in precipitates separated from the reaction products of the AIEt;—Co(acac),,

catalytic system in toluene

Sample Al/Co C/Al O/Al H/C Empirical formula
of the precipitate

Al/Co=2 0.87 7.59 4.3 1.60 Co[Al,C5,Hs4 405 610 44
Al/Co=4 1.88 4.35 3.1 1.70 Co[Al,Cg 7H 4505 510,94
Al/Co =28 2.20 423 2.39 1.99 Co[ALL,Cg 5H 630435111
After hydrogenation, Al/Co =4 2.12 3.67 3.09 2.13 Co[ALL,Cq34H 56380621106
[Et,Al(acac)], - 9.0 2 1.89 Al,CsH3,04
Alumoxane, n =4 - 6.0 2.75 1.58 Al,C,4H30¢;
Alumoxane, n =5 - 4.8 2.9 1.55 AlsCy9H 5014
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Fig. 8. Structure of a nanosized cobalt particle with a pro-
tective shell.

precipitate separation, an excess of AlEt; and
Et,Al(acac), which were nonadsorbed on the surface of
particles, was washed out and compound VI underwent
partial hydrolysis.

Nature of catalytically active species. An analysis
of the experimental results allowed us to generalize
available information on the mechanism of formation
of catalytically active particles in the AlEt;—
Co(acac),ys, system. In the interaction of the compo-
nents of the catalytic system in toluene in an atmo-
sphere of argon, the arene complexes of Co’, which
give signal / in the EPR spectrum (Fig. 4), are formed.
The evolution of these complexes occurs with time, and
they are transformed into nanosized particles of size 2—
5 nm. Compounds I and VI and the reaction products
of the latter serve as a protective and stabilizing shell
for cobalt metal particles. The structure of a colloid par-
ticle can be represented as follows: the core consists of
elemental cobalt particles, and the shell is a “fur coat”
of I, VI, and the reaction products of VI with an excess
of I and toluene (Fig. 8). The ratio between the particu-
lar components of the shell depends on the concentra-
tion of compound I in the system. In the course of
hydrogenation, signal / disappeared from the EPR
spectrum and only signal 2 remained, which reached a
maximum intensity. Ferromagnetism, which is a collec-
tive property of atoms (particles), can be observed upon
the formation of clusters of cobalt metal particles, in
which cobalt atoms are bound to each other by a strong
exchange interaction of the ferromagnetic type. The
critical size of single-domain Co particles with single-
axis anisotropy is 20-25 nm [33]. The limiting size of
superparamagnetic cobalt particles at 7°C was 6.4 nm
[34], as found by measuring saturation magnetization
and residual magnetization in systems containing Co
particles with an average size of 10—15 nm. In our case,
according to TEM data, the particle size of cobalt falls
in a range from 2.5 to 5 nm. It is likely that coarser par-
ticles of size 10 nm or higher are responsible for the fer-
romagnetism of the system because a maximum inten-

sity of signal 2 was accompanied by precipitate forma-
tion. An increase in particle size in the AlEt;—Co(acac),
system prepared in an atmosphere of dry argon in anhy-
drous solvents at the ratio Al/Co = 4 was due to the
presence of compounds VIII and VIIIa on the surface
of particles and a decrease in the ability of the protec-
tive shell to prevent particle aggregation. At the above
ratio Al/Co, the system exhibited the highest hydroge-
nation activity (Fig. 1).

Thus, the activity of the system in hydrogenation
reactions, as well as the process of particle agglomera-
tion, depends on the concentrations of components that
are weakly bound to the core surface and readily dis-
placeable from the surface by olefin molecules in the
shell. It is likely that the ease of displacement decreases
in the order VIIa > VIII > VI > L.

At the ratios Al/Co = 8, precipitation was not
observed for a long time (a few weeks). In this case, the
stabilizing shell mainly consisted of the molecules of
compound I. These molecules are prone to strong bind-
ing to electron donors because of the electron defi-
ciency of aluminum. It is likely that the surface of a
metal core meets this condition. The occurrence of such
a shell prevents particle aggregation and hinders olefin
coordination under conditions of catalysis; this results
in a dramatic decrease or complete absence of catalytic
activity (Fig. 1). Published data [35, 36] provide sup-
port for the fact that AIR; molecules are prone to strong
binding to a metal core. In the cited publications, the
synthesis of nanosized cobalt and platinum particles
with stable magnetic properties and a narrow particle-
size distribution was proposed with the use of the ther-
molysis of Co,(CO)g in the presence of Al(iso-Bu);
[35] or the reduction of platinum in the AlMe;—
Pt(acac), system [36].

The presence of crystal water in the AlEt;—Co(acac), -
nH,0 system also facilitates changes in the structure of
the stabilizing shell. A portion of alkyl groups in com-
pounds VI and I is hydrolyzed to form Al-OH groups,
which are capable of forming hydrogen bonds; R,Al-
O-AIR, alumoxanes; or the acetylacetonate derivatives
of alkylalumoxanes like (acac)EtAl-O-AlR(acac) and
their oligomers. These processes can be responsible for
the association of Co® complexes, accompanied by the
formation of ultradispersed colloid particles, followed
by agglomeration because of a weaker bonding of shell
components to the core surface. As a result, the precip-
itate amount and the catalytic activity in hydrogenation
increased, and the position of a maximum in the plot of
catalytic activity as a function of Al/Co ratio shifted
toward higher values (Fig. 1).

Only broad signal 2 was observed in the EPR spec-
tra of the catalytic systems in hexane or heptane (C, =
10 mmol/l), and a precipitate was formed. Precipitate
formation was accelerated in the presence of crystal
water in the samples. In this case, the formation and
agglomeration of nanosized particles stabilized by
organoaluminum compounds occurred much more rap-
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idly because of the absence of arenes, which form
mononuclear Co® complexes. At low cobalt concentra-
tions (C¢, = 2 mmol/l), precipitation or detectable UV
scattering in the wavelength region 20004000 A was
not observed; this is indicative of a deceleration of par-
ticle agglomeration processes. An extremely high TON

of

the catalyst in the hydrogenation of 1-hexene at

Cc, =0.25 mmol/I (Fig. 2, Table 1) supports this obser-
vation and suggests a high surface concentration of
cobalt atoms accessible to catalysis, which is possible
upon the formation of smaller particles.
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