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Abstract: The paper summarizes new information on the formation and functioning of Ni(acac)2-
based multicomponent (Ziegler) systems for oligo- and polymerization of ethylene. It turns out that
catalytically active sites formed in these systems are deposited on nickel-containing nanoparticles
generated via the interaction of the starting components directly in the reaction system. It is shown
that the activity, productivity, and composition of the target products depend on the water content
in the initial solvent, all other things being equal. A model of nanosized nickel-containing parti-
cles formed during the interaction of Ni(acac)2 and diethylaluminum chloride or ethylaluminum
sesquichloride is presented.

Keywords: nanoparticle; nickel; organoaluminium compounds; oligomerization; water; electron
paramagnetic resonance; high resolution transmission electron microscopy; electron diffraction;
kinetic parameter; model

1. Introduction

Since 2004 we have been engaged in detailed investigations of the processes occurring
during the formation and functioning of Ziegler hydrogenation catalytic systems [1–15].
Using M(acac)2–Red (where M = Co, Ni; Red = AlEt3, LiAlH4, AlEt2(OEt), LiAlH(tert-
BuO)3) it was shown that the interaction of acetylacetonate complexes of cobalt, nickel,
or palladium with AlEt3 or LiAlH4 produced nanoparticles consisting of a metal core
(0.7–5 nm) stabilized by a ligand shell. The latter represented acetylacetonate compounds of
aluminum and AlEt3 bound to surface metal atoms by the acid-base interaction. In LiAlH4-
derived systems, the ligand shell contains Li(acac) as well as AlH4

− and AlH6
3− anions.

In addition, the nature of the ligand shells that stabilize transition metal nanoparticles
depends on the amount and nature of the ligands incorporated into a precursor. The
metal core can also contain decomposition products of complex hydrides (for example,
aluminum for LiAlH4-based system or other cocatalysts). These particles are almost
inactive in the catalysis of alkenes hydrogenation under mild conditions (T = 20–35 ◦C,
PH2 = 2 atm), when the water content in the solution is less than 1.8 mmol/L (solvents
with “obtainable” degree of purity [13]). Only after the introduction of proton-donating
compounds (for example, water or alcohols) into the reaction system, these particles are
activated due to the transformation of AlEt3 or LiAlH4 and the related products into
alkoxy- or hydroxyl-derivatives of aluminum. Thus, aluminum-containing fragments on
the surface of nanoparticles act as inhibitors of catalytic activity, while the addition of
proton-donating substances contributes to the changing of the ligand shell nature and the
activation of their catalytic properties. In the presence of crystallization water in a precursor
(in the case of systems based on Ni(acac)2 or Co(acac)2), the addition of an activator is not
required for the production of an efficient hydrogenation catalyst. Moreover, if AlEt2(OEt)
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or LiAlH(tert-BuO)3 are employed as reducing agents, the hydrogenation catalyst is also
formed without an activator [4,7,8,12,13,15].

These results have allowed us to formulate a mechanistic concept of the formation
of multicomponent (Ziegler) hydrogenation catalysts. The key point of the concept is as
follows: it is necessary to select an optimal compound of the non-transition element (and
its amount) as a reducing agent of the initial compounds of transition metals (for example,
acetylacetonates). Such a compound, together with other specially introduced reagents
(namely, proton-donating ones (for instance, alcohols, water, etc.)) should participate in
the generation of nanosized particles that are active in the hydrogenation of unsaturated
compounds [13–15].

In the present work, data on new aspects of the formation and functioning of Ziegler
catalytic systems for the oligomerization of α-olefins, based on Ni(acac)2 and chlorine-
containing organoaluminum compounds (diethylaluminum chloride (AlEt2Cl, DEAC) and
ethylaluminum sesquichloride (Et2AlCl·Cl2AlEt, EASC)) are summarized [13,16,17]. These
data confirm that this concept can be considered a guideline for the directed design of any
multicomponent Ziegler catalyst systems derived from transition metal compounds and
non-transition elements formed in situ.

2. Physico-Chemical Aspects of the Formation and Nature of the Activity of Systems
Based on Ni(acac)2 and DEAC or EASC

It is no coincidence that Ziegler systems based on Ni(acac)2 and chlorine-containing
organoaluminium compounds (DEAC, EASC) were chosen as model reactants. For exam-
ple, Ni(acac)2 is stable in a solution of aromatic solvents in the experiments with ethylene
oligomerization, and is readily and completely dehydrated [13]. DEAC and EASC were
employed as cocatalysts since, firstly, the catalytic systems formed on the basis of these
cocatalysts are highly active in di- and oligomerization of olefins [18,19] and, secondly, the
detailed experimental data on the interaction of both DEAC and EASC with H2O have
been reported [20–22].

It is mainly assumed that hydride or alkyl complexes of Ni(II) act as active centers in
the oligomerization of olefins [23–29], and the catalytic processes are predominantly of a
homogeneous nature [30]. However, it is also noted that the electron spin resonance (ESR)
monitoring of ethylene conversion in the presence of multicomponent Ziegler systems
reveals a growing ferromagnetic resonance signal in the g ~ 2.2 region, which is associated
with the formation of transition metal particles (for example, nickel ones) [11,31,32].

A series of preliminary experiments has demonstrated that each of the starting com-
ponents separately, namely DEAC, EASC, and Ni(acac)2, has no catalytic activity in di-
and oligomerization of ethylene. This fact allows one to exclude their participation in the
catalytic transformations of ethylene described below under the action of Ziegler systems
based on Ni(acac)2 and DEAC or EASC.

Table 1 shows the turnover frequency (TOF) and turnover number (TON) of the sys-
tem derived from Ni(acac)2(subl.)–DEAC or EASC versus the Al/Ni ratio during ethylene
oligomerization. Similar results were previously obtained for other Ziegler nickel catalytic
systems [33,34]. The stationary section of the dependence at the Al/Ni ratio of 30-75 is appar-
ently due to the fact that, at these ratios, concentration of the formed active nickel complexes
remains approximately the same, and DEAC or EASC excess (at least at 40 ≤ Al/Ni ≥ 75)
does not affect the catalytic activity of the system in ethylene oligomerization.

By analogy with hydrogenation catalysts based on Ni(acac)2·nH2O (where n = 0,
0.5, and 3.0) [10,11,13,15] three Ni(acac)2 samples were studied as the initial precursor. It
was shown that when Ni(acac)2·0.5H2O was used as the initial precursor under similar
conditions, the TON values slightly increased, while TOF remained approximately the
same as in the case of Ni (acac)2(subl.). Therefore, all further studies were carried out at the
ratio of Al/Ni = 50 and with Ni(acac)2·0.5H2O as a precursor.
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Table 1. Ethylene oligomerization in the presence of Ni(acac)2–DEAC and Ni(acac)2–EASC catalytic systems at different
Al/Ni ratios. Data were taken from ref. [13,16].

System Ni(acac)2–DEAC System Ni(acac)2–EASC

Al/Ni TOF, min−1 TON,
(mol C2H4)/(mol Ni) TOF, min−1 TON,

(mol C2H4)/(mol Ni)

12.50 80 1885 147 1488
25.00 180 3421 330 3340
31.25 240 3744 440 4480
37.50 250 3872 458 4600
50.00 246 3822 456 4615
75.00 244 3797 442 4538

The combined ESR and transmission electronic microscopy (TEM) study revealed that
during the interaction of Ni(acac)2 with DEAC or EASC in solvents with an “obtainable”
degree of purity, immediately after mixing the initial components, only the formation
of Ni(I) complexes was recorded (g1 = 2.003, g2 = 2.116 иg3 = 2.318). Moreover, the
concentration of Ni(I) (calculated from intensity of the ESR signal) did not exceed 25–30%
of the total amount of nickel loaded to the reactor for the Ni(acac)2–DEAC system, and
55–60% for the system based on Ni(acac)2–EASC (see Table 2, point 1).

Table 2. TEM and ESR spectroscopic data for the Ni(acac)2–50DEAC or Ni(acac)2–50EASC systems, where probes (1) were
selected over 1 min after components mixture, (2) t the moment of maximum ethylene absorption rate, (3) after a drop in the
rate of ethylene absorption. Data were taken from ref. [13,17].

№ Probe
ESR Spectrum of Toluene Solution of
Ni(acac)2–50DEAC/50EASC Systems

Ni(acac)2–50DEAC System Ni(acac)2–50EASC System
TEM Images and Electron Diffraction (in the Inset)

1
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Table 3. Interplanar distances obtained during analysis of the atomic profiles and electron diffrac-
tion of Ni(acac)2–DEAC and Ni(acac)2–EASC samples presented in Table 2 (point 2). Data were 
taken from ref. [13,17]. 

System Interplanar Distances, Å Electron Diffraction 
Profiles, Å 

To Agree with 

Ni(acac)2–50DEAC 

2.08 2.82 # 00-003-1051, 
2.34 2.07 # 00-004-0850, 
2.60 1.74 # 00-040-1157, 
2.86 1.49 # 00-020-0019, 

Ni(acac)2–50EASC ~2.14 2.05 # 00-003-1051, 
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The hyperfine structure observed for g1 = 2.003 (≥4 lines) is owing to the presence of
58Ni and 35Cl atoms in a molecule of the paramagnetic complex. In addition, since g⊥ < g‖,
it can be concluded that this Ni(I) complex has a tetragonal structure [35]. The ethylene
conversion rate at this moment was insignificant, namely, about 35 min−1 for the system
based on Ni(acac)2–DEAC and about 45–50 min−1 for Ni(acac)2–EASC. At the same time,
the crystalline particles were not detected by TEM and electron diffraction, and energy
dispersive X-ray analysis (EDAX) indicated the presence of such elements as C, H, Al, and
Cl. It is likely that either by this time the crystal structures did not yet reach 0.7 nm in size
(the resolution of the used electron microscope) or the thickness of the samples was not
sufficient for the TEM studies.

When Ni(I) concentration dropped to zero, and the content of ferromagnetic nickel
centers reached 80–90% from the initial amount of nickel for the Ni(acac)2–DEAC system
and 90–95% for the Ni(acac)2–EASC system (Table 2, point 2), the catalytic activity achieved
the maximum values: 210–215 min−1 for the Ni(acac)2–DEAC and 450 min−1 for the
Ni(acac)2–EASC. In this case, the average size of the registered particles corresponded to
about 3.5 nm for the Ni(acac)2–DEAC and 6.0 nm for Ni(acac)2–EASC. The results of atomic
profiles analysis and electron diffraction, shown in Table 3, indicated that the particles
mainly composed of nickel and/or nickel aluminide. ESR and TEM study of the reaction
system after the decrease of ethylene conversion rate (35 min−1 for the Ni(acac)2–DEAC
and 85 min−1 for Ni(acac)2–EASC) showed the presence of nickel-containing nanosized
particles scattered in the matrix of organic compounds. The noticeable agglomeration of
particles was observed, while aggregations of the average particle size were not detected
(see Table 2, point 3).

Table 3. Interplanar distances obtained during analysis of the atomic profiles and electron diffraction
of Ni(acac)2–DEAC and Ni(acac)2–EASC samples presented in Table 2 (point 2). Data were taken
from ref. [13,17].

System Interplanar
Distances, Å

Electron Diffraction
Profiles, Å To Agree with

Ni(acac)2–50DEAC

2.08 2.82 # 00-003-1051,
2.34 2.07 # 00-004-0850,
2.60 1.74 # 00-040-1157,
2.86 1.49 # 00-020-0019,

Ni(acac)2–50EASC

~2.14 2.05 # 00-003-1051,
2.36 1.26 # 00-004-0850,
2.57 1.21 # 00-040-1157,
2.99 1.08 # 00-020-0019

In other words, the ferromagnetic resonance signal in the region of g ~ 2.2, as well
as the appearance and growth of catalytic activity, are due to the formation of nickel-
containing nanoparticles, the size of which depends on the nature of cocatalyst (all other
things being equal). When passing from DEAC to EASC, the average particle size increases
by almost two times. Apparently, nickel-containing nanoparticles act as carriers or sub-
strates for catalytically active centers containing Ni(II)–H or Ni(II)–C fragments, which
were previously recorded by 1H NMR spectroscopy [13,36].

In addition, the obtained data evidence that the Ni(I) complexes, recorded in the ESR
spectrum immediately after mixing the initial components, are involved in the formation
of catalytically active structures, but do not directly participate in the catalysis of ethylene
oligomerization. It should be noted that in the course of the functioning of the catalyt-
ically active system, dimeric compounds Ni(I)–Ni(I) can be formed. They also can act
as catalytically active centers and are not observed in the ESR spectrum [13]. To check
this assumption, in a series of special experiments, an appropriate amount of P(OEt)3, a
strong reducing agent, was added to the ESR samples. It was proved that in the systems
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formed on the basis of Ni(acac)2 and DEAC or EASC, the dimers were not formed under
the narrow range of experimental conditions.

3. The Water Role in the Catalysis of Ethylene Di- and Oligomerization Based on
Ni(acac)2 and DEAC or EASC

About 18-fold growth of the water content in the initial toluene (see Table 4) changed
the kinetic parameters. Namely, the TOF value was augmented ~ 9–10 times, and TON
increased by 5–6 times [13,16]. Moreover, a fundamental difference between the sizes of
nickel-containing particles formed at various concentrations of water in the solvent was
not found (with TEM). In addition, the ESR spectrum also contained a signal from the Ni(I)
complex in 1–2 min after mixing the components. This signal was further transformed
into a ferromagnetic resonance signal, the intensity of which increased at higher rates of
ethylene conversion. It is likely that the significant enhancement of catalytic activity is
explained by the nature of the stabilizing ligand shell, which was formed in solvents with
“obtainable” degree of purity and in the presence of excess water.

Table 4. Dependence of the products composition formed in the ethylene oligomerization and toluene alkylation (toluene +
alkylation products = 100%) in the presence of catalytic systems Ni(acac)2–50DEAC and Ni(acac)2–EASC on the concentration
of water in toluene: CNi = 2.5 × 10−3 mol/L, T = 285 K, the solvent is toluene. Data were taken from ref. [13,16].

[H2O] × 10−3,
mol/L

TOF,
min−1

TON, (mol
C2H4)/(mol Ni)

Concentration, %

Buthen-1 Buthens-2 Methyl-
pentenes

Linear
Heenes Oligomers Alkylation

Products

System Ni(acac)2–DEAC

1.71 50 788 1.80 60.44 13.81 6.84 17.10 0.08
6.76 158 1383 2.09 67.01 12.02 6.23 12.64 0.08
11.8 206 2266 2.06 61.55 19.36 9.54 7.50 0.17
16.9 248 3506 1.10 62.04 18.51 9.57 8.78 0.30
17.9 278 3359 1.57 57.99 23.61 11.96 4.87 0.30
30.5 416 4276 1.50 47.40 28.86 15.18 7.064 0.35
45.8 418 3721 1.24 43.36 25.15 13.04 17.21 0.41
61.0 262 2138 0.95 28.80 35.64 16.98 17.64 0.47

System Ni(acac)2–EASC

1.71 402 4035 0.45 57.75 21.88 10.58 9.32 0.78
6.76 644 7204 0.75 56.31 24.15 11.59 7.20 0.94
11.8 611 6661 0.81 56.48 24.21 11.45 7.05 1.28
16.9 451 4615 0.55 56.49 24.96 11.31 6.65 1.25
17.9 402 3793 0.87 59.61 20.37 9.45 9.68 1.51
30.5 398 3721 1.45 55.50 23.57 11.96 7.52 1.73
45.8 386 3611 1.55 53.58 24.57 12.47 7.83 2.00
61.0 402 4035 0.45 57.75 21.88 10.58 9.32 2.22

The obtained dependence between the rate of ethylene conversion and concentration
of water in the initial solvent (see Table 4) for the Ni(acac)2–DEAC system is described by
the equation:

y = a + bx + cx2 − dx3 (1)

Moreover, if x is a H2O concentration (mol/L), and y is TOF (min−1) or TON ((mol
C2H4)/(mol Ni)) values, a corresponds to TOF = 41 min−1 and TON = 91.5 (mol C2H4)/(mol
Ni). These values can be interpreted as quantitative characteristics of the “anhydrous”
system. It is worthwhile to note that in this case, the value of the approximation accuracy
refers to R2

TOF = 0.9746 and R2
TON = 0.9271, respectively.

The general character of the dependence of ethylene conversion rate on water concen-
tration for the Ni(acac)2–EASC system is slightly different from that for the Ni(acac)2–DEAC
system (see Table 4) and is described by larger values than in the case of the Ni(acac)2–
DEAC (aTOF = 426 min−1, aTON = 1195 (mol C2H4)/(mol Ni)). This may be due to the
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fact that EASC is a stronger Lewis acid than DEAC [37]. The interaction of DEAC or
EASC with water, contained in toluene, affords Bronsted acids, namely AlRxCl3−x·H2O
or H+[AlRxCl3−xOH]−, at the first stage, while at the second stage, alumoxane-like com-
pounds (even stronger Lewis acid sites than EASC or DEAC) are formed [38]. Both
H+[AlRxCl3−xOH]− and alumoxane-like substances can act as cocatalysts for ethylene
oligomerization and stabilizers of cationic hydride complexes of Ni(II) [13,36]. It is likely
that the formation and efficient functioning of Ni(II) hydride centers, catalytically active in
ethylene oligomerization and produced on the basis of Ni(acac)2 and chlorine-containing
organoaluminium compounds, require some optimum amount of cocatalyst with a certain
acidity. Under otherwise equal conditions, this optimal amount is determined by the nature
of the cocatalyst itself.

In addition, the cocatalyst nature also affects composition of the products of ethylene
oligomerization (see Table 4) and toluene alkylation used as a solvent [13,16]. As seen from
Table 4, higher concentrations of water in toluene effects the composition of products for
the system Ni(acac)2–DEAC *namely, the fraction of methylpentenes and linear hexenes
increases(, while the content of butenes-2 decreases and the amount of butenes-1 remains
almost intact. This experimental fact probably evidences greater contribution of butenes-
2 codimerization with ethylene during the formation of hexenes. Apparently, with the
increased water concentration in toluene, the nature of anionic part of the nickel complex
changes that enhances probability of coordination of already formed butenes-2 and ethylene
with nickel.

For the system Ni(acac)2–50EASC (see Table 4), the products are also represented
mainly by butenes (no more than 54–58%), methylpentenes (20–24%), linear hexenes
(9.5–12.5%), and oligomers (6.5–9.7%), and the quantitative composition of the products
formed at H2O concentration in toluene of 1.71 × 10−3 mol/L is approximately the same.

In conclusion, all of the obtained experimental data confirm the earlier suggestion [13]
that the nature of ligand shells stabilizing nickel-containing particles, which are formed
during the formation of Ziegler systems, depends, all other things being equal, not only on
the cocatalyst but also on the water concentration in the initial solvent.

By analogy with the previously proposed model of nickel nanoparticles formed via
the interaction of Ni(acac)2 with AlEt3 [13,15], it can be assumed that an excess of DEAC or
EASC cocatalyst (Al/Ni = 50) is involved in the formation of a stabilizing shell. Moreover,
since nickel-containing nanoparticles have a weak Lewis acidity (electron deficiency),
some of the aluminum-containing compounds can bind to the particles surface by the
acid-base interaction mechanism (see Figure 1). Moreover, AlEt2(acac) coordinated to
nickel-containing surface through the acetylacetonate ligand.
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(AlEt3, AlEt2Cl, AlEtCl2). 

Earlier [13,36,39,40], using these systems as an example, we showed that the interac-
tion of α-diimine complexes of Ni(0) and Ni(II) with cocatalysts of various natures 
(AlEtnCl3-n (n = 1–3), Et2AlCl∙EtAlCl2, BF3∙OEt2, B(C6F5)3, CF3COOH) afforded Ni(I) com-
plexes, which are precursors during the formation of catalytically active particles. 

It was found that during the formation of the catalytic system, a ferromagnetic reso-
nance signal appears in the ESR spectrum at g = 2.2, which increases in the course of its 
functioning. In this case, the increase in the signal intensity at g = 2.2 as well as the decrease 
of signal intensity from the Ni(I) complexes allowed us to assume the formation of na-
nosized catalytically active center [13,39,40]. Unfortunately, the nature of the products did 
not permit us to perform high-resolution transmission electron microscopy (HR TEM) 
monitoring. First, the nickel-containing nanoparticles themselves have little contrast for 
TEM studies [41]. Second, the described nanoparticles are distributed inside the polymer 
matrix, which made it impossible to perform both the energy dispersive X-ray analysis of 
the particles and their electron diffraction. Moreover, even using a dark field TEM did not 
allow obtaining reliable images of nanoparticles. It remains unclear from analysis of the 
microphotographs whether the particles contain nickel or there are simply areas of thick-
ening of the polymer matrix when analyzing micrographs. Thus, a detailed analysis of the 
nature and composition of such nickel-containing systems in the ethylene oligomerization 
requires further research. 
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Figure 1. Model of the nanosized particles formed by interaction of Ni(acac)2 and DEAC or EASC
(Al/Ni = 50).

The next stage of the study was the application of the methods and approaches described
in the present paper for ethylene polymerization, namely, using nickel Brookhart-type systems:
α-diimine complexes of Ni(0) and Ni(II) with the general formula NiBr2(DAD–R) (R = –C3H7
or –CH3) or Ni(DAD–CH3)2 (DAD(–C3H7) = 1,4-bis(2,6-diiso-propylphenyl)-2,3-(dimethyl-1,4-
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diazabuta-1,3-diene), DAD(–CH3) = 1,4-bis(2,6-dimethylphenyl)-2,3-dimethyl-1,4-diazabuta-
1,3-diene)), in combination with Lewis acids (AlEt3, AlEt2Cl, AlEtCl2).

Earlier [13,36,39,40], using these systems as an example, we showed that the inter-
action of α-diimine complexes of Ni(0) and Ni(II) with cocatalysts of various natures
(AlEtnCl3−n (n = 1–3), Et2AlCl·EtAlCl2, BF3·OEt2, B(C6F5)3, CF3COOH) afforded Ni(I)
complexes, which are precursors during the formation of catalytically active particles.

It was found that during the formation of the catalytic system, a ferromagnetic res-
onance signal appears in the ESR spectrum at g = 2.2, which increases in the course of
its functioning. In this case, the increase in the signal intensity at g = 2.2 as well as the
decrease of signal intensity from the Ni(I) complexes allowed us to assume the formation
of nanosized catalytically active center [13,39,40]. Unfortunately, the nature of the products
did not permit us to perform high-resolution transmission electron microscopy (HR TEM)
monitoring. First, the nickel-containing nanoparticles themselves have little contrast for
TEM studies [41]. Second, the described nanoparticles are distributed inside the polymer
matrix, which made it impossible to perform both the energy dispersive X-ray analysis of
the particles and their electron diffraction. Moreover, even using a dark field TEM did not
allow obtaining reliable images of nanoparticles. It remains unclear from analysis of the
microphotographs whether the particles contain nickel or there are simply areas of thicken-
ing of the polymer matrix when analyzing micrographs. Thus, a detailed analysis of the
nature and composition of such nickel-containing systems in the ethylene oligomerization
requires further research.
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