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It is shown that thermal reduction at 473 K and photoassisted reduction at 77 K of NiCaY 
zeolites in hydrogen resulted in formation of Ni+ ions, detected by EPR, and in appearance of 
catalytic activity for the ethylene dime~zation reaction at room temperature. Photoreduced cata- 
lysts exhibited S-7 times higher selectivity for production of butenes than the catalysts thermally 
reduced in Hr. A linear relationship between the rates of ethylene conversion and the Ni+ concen- 
trations in the photoactivated catalysts was found. The formation of lower concentrations of Ni+ 
ions was also shown to occur on unreduced NiCaY samples after contact with gaseous ethylene at 
300 K. Using EPR spectroscopy the interaction of Ni+ ions with olefins was examined, and a 
reversible poisoning of the dimerization reaction by CO was expiained. It is concluded that the 
catalytic activity of NiCaY zeolites was controlled by the number of Ni+ ions, which could be 
precursors of catalytically active intermediates. 

INTRODUCTION 

A considerable number of published pa- 
pers (see, for example, Refs. (Z-8)) have 
been concerned with the problem of nickel- 
containing oxide and zeolite catalysts for 
ethylene oligomerization. Since the pio- 
neering work of Hogan et al. (I), where the 
activity of this type of catalyst was consid- 
ered from the viewpoint of acidic catalysis, 
our knowledge about the nature of active 
sites in this reaction has been markedly en- 
larged . 

At the present time there is no doubt that 
nickel ions directly participate in the forma- 
tion of catalytically active sites; however, 
the oxidation and coordination states of the 
nickel species are still under discussion. 
For example, Feldbljum (2), by analogy 
with homogeneous catalysis, proposed the 
formation of nickel hydrides on the surface 
of silica-aluminas during the olefin oligo- 
merization reaction, while other authors 
(3-5) postulated coordinatively unsatu- 
rated Ni2+ ions on SiOTAlzOJ surfaces as 

’ To whom the correspondence should be ad- 
dressed. 

active centers for this reaction. It was also 
suggested (6) that a highly dispersed Ni”- 
phase in zeolites might be responsible for 
the catalytic activity. In addition, the possi- 
ble participation of “low-valent” nickel 
ions, stabilized in the vicinity of surface 
acidic centers on silica was also discussed 
(7, 8). However, the authors of these pa- 
pers did not give a definite meaning to the 
term “low-valent” nickel, but just assumed 
an oxidation state lower than 2+. 

Taking into account the results of later 
publications, it seems logical to identify 
“low-valent” nickel species with monova- 
lent nickel ions, which can be produced in 
NP+-exchanged zeolites (9-ZZ) and in 
Ni2+-silica (12, 13) or N?+-alumina (13) 
systems either by mild thermal reduction or 
by low-temperature photoassisted reduc- 
tion of NP ions in HZ. This conclusion is 
supported by the following experimental 
observations: 

(i) The dimerization reaction was found 
to be poisoned by carbon monoxide (6, 7). 
This fact can be explained by blocking of 
catalytically active sites due to formation of 
Ni+(CO), complexes with IE = l-3 (9-13); 
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no indication was found by ir spectroscopy 
for a strong bonding of CO molecules with 
N?+ ions (10). 

(ii) The maximum catalytic activity for 
NiO/Si02 and Ni-zeolites was reached after 
preliminary thermal reduction in H2 at 570 
K (7, 8), that is, under conditions which are 
favorable for production of Ni+ ions. 

Further evidence for the participation of 
Ni ions in catalytic reactions was obtained 
in our earlier works (13, Z4), where the ef- 
fect of the reducing pretreatment of Ni2+/ 
SiO2 and Ni2+/A1203 on their catalytic ac- 
tivities was studied. It was found that the 
prereduced catalysts exhibited essentially 
higher activities for acetylene cyclotrimer- 
ization and for ethylene oligomerization at 
room temperature than the unreduced cata- 
lysts. Very recently, Bonneviot et al. (11) 
have observed an analogous effect for eth- 
ylene and propylene dimerization reactions 
over Ni/Si02 and NiCaHX catalysts. By 
means of EPR spectroscopy it was found 
that Ni+ ions were able to form complexes 
with olefin molecules; their EPR spectra 
changed as the reaction proceeded. 

In the present work the mechanism of 
ethylene dimerization reaction over NiCaY 
zeolite catalysts has been studied. The em- 
phasis was placed on a search for a quanti- 
tative correlation between the Ni+ concen- 
tration after catalyst reduction and the rate 
of the catalytic reaction. It was also hoped 
that this investigation would shed light on 
the role of acidic centers and hydride ions 
in this reaction. NiCaY zeolites were ex- 
pected to be more suitable objects for a 
quantitative study than conventional sup- 
ported systems, since unlike Ni2+/Si02 and 
Ni2+/A1203, where different nickel-contain- 
ing phases exist (nickel oxide, spinels, 
nickel silicates and aluminates), they con- 
tain mainly isolated Ni2+ ions localized in 
the sodalite cages (15). 

EXPERIMENTAL 

Materials. The starting material, NaY 
zeolite (Si02/A1203 = 5.7) was successively 
exchanged with aqueous solutions of CaC& 

and then Ni(NO&. After heating at 340 K 
in air it was outgassed at this temperature at 
10e4 Tot-r (1 Tot-r = 133.3 N me2). The 
nickel content was determined by atomic 
absorption spectroscopy. The unit cell for- 
mula for the zeolite used was N&T4 
Ca21.19Si142.1~A149,~,0~~4. The pretreatment of 
the zeolite samples consisted of outgassing 
at 370-400 K for 1 h and heating in a flow of 
dry oxygen (100 Tori-), while the tempera- 
ture was gradually raised (-8 K min-I) to 
773 K. Then the samples were kept for 2 h 
at this temperature. After repeated admis- 
sions of oxygen the temperature was de- 
creased to 423 K and the samples were 
evacuated to 5 x 10e5 Torr. 

Hydrogen and deuterium were purified 
by diffusion through a red-hot (1100 K) pal- 
ladium thimble. Carbon monoxide was 
freed from O2 and other contaminants by 
passing through a column with reduced 
Cr2+/Si02 adsorbent and several traps 
cooled with liquid nitrogen. Ethylene from 
a cylinder was purified by repeated cooling 
to 77 K and distillation at 143 K. I-Butene 
and cis-2-butene, manufactured by Fluka 
(Switzerland), were used without purifica- 
tion. 

Catalytic measurements. Catalytic ac- 
tivities of NiCaY in the ethylene oligomer- 
ization reaction were measured at room 
temperature in an evacuable gas-circulating 
system with greaseless metallic valves, 
having a total reaction volume of 543 cm3; 
the amount of catalyst was 0.25-0.32 g. The 
initial ethylene pressures were 65-70 Torr. 
In some experiments the products of dimer- 
ization and oligomerization reactions were 
collected in a trap cooled to 140 K. The 
analysis of reaction mixtures was made by 
a quadrupole mass spectrometer, using for 
calibration mixtures of ethylene and bu- 
tenes of known composition. 

Reduction in H2. Photoreduction of Ni 
CaY catalysts, placed in a quartz reactor, 
was performed at 77 K under uv-irradiation 
with a high-pressure mercury lamp, Model 
DRSh-1000 (1 kW), equipped with a water 
filter, for 0.5-5 h. The hydrogen pressure 
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was 2-5 Torr. To provide a more uniform 
photoreduction the powder samples were 
shaken during irradiation using an electro- 
magnetic microvibrator. Thermal reduction 
in HZ at pressures of 5-10 Torr was carried 
out at 470 K. 

EPR measurements. EPR spectra were 
recorded at 77 K in the X-band with a Bru- 
ker ER-200 D instrument. For EPR mea- 
surements a portion of the catalyst could be 
transferred from the reactor to the sample 
tubes in vacua. 

RESULTS AND DISCUSSION 

Catalytic activity of NiCaY. Unreduced 
samples of NiCaY showed no appreciable 
activity during the first IO-20 min after ad- 
mission of ethylene to the catalyst at room 
temperature. After this “induction period” 
a rapid decrease in ethylene pressure was 
observed, indicating the occurrence of the 
oligomerization reaction (Fig. la). Raising 
the temperature led to shortening of the in- 
duction period, and at temperatures higher 
than 343 K the reaction started immediately 
after ethylene admission. 

Prereduction of the NiCaY catalyst in 
H2, which was shown to be accompanied by 
the formation of Ni+ ions (see below), re- 
sulted in elimination of the induction period 
for room-temperature reaction (Figs. lb- 
e). It is also seen from Fig. 1 that the initial 
reaction rates increased with increasing ir- 

FIG. 1. Rates of decrease of ethylene pressure at 
room temperature over NiCaY zeolite: (a) unreduced; 
(b) reduced in H2 at 473 K for 2 h; photoreduced in H2 
at 77 K for 0.5 h (c), for 2 h (d), and for 5 h (e). PoczH4 = 
65-70 Torr. 

TABLE 1 

Effect of Preliminary Treatments on the Selectivity 
of NiCaY Zeolite in Production of Butenes 

Catalyst 
pretreatment 

Selectivity of butene 
production in %” 

With a Without a 
cold trap cold trap 
(140 K)b 

Unreduced 
Thermally reduced in H2 

9.3 - 

at 420 K, 2 h 
Photoreduced in H2 

12.0 5.2 

at 77 K, 2 h 62.0 40.5 

a At total ethylene conversion of 15-20%. 
b A cold trap was used to remove products (butenes 

and higher oligomers) from reaction mixtures. 

radiation time in the course of preliminary 
photoreduction of the catalyst. 

As the reaction proceeded, the activity of 
NiCaY catalysts gradually decreased, prob- 
ably because the active centers became 
blocked by oligomers. This phenomenon 
has been reported before for nickel-contain- 
ing catalysts in olefin dimerization (3, 8). 
One can see from Fig. 1 that the rate of 
ethylene conversion slowed down more 
rapidly on the thermally reduced sample 
(curve b) than on the photoreduced ones 
(curves c-e). The initial activities of these 
catalysts could be restored by outgassing 
them at 370-420 K. Desorption of butenes 
and smaller amounts of hexenes was found 
to occur during this treatment. 

The data on the selectivity of the ethyl- 
ene dimerization reaction on NiCaY and its 
dependence on pretreatment conditions are 
given in Table 1. It is seen that removal of 
the reaction products (butenes and higher 
oligomers) in a cold trap led to a marked 
improvement of the reaction selectivity. It 
should be also noted that the relative yield 
of butenes on the photoreduced samples is 
5-7 times as high as that on the thermally 
reduced catalysts. 

This effect appears to be associated with 
the higher rates of secondary reactions of 
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butenes on the thermally reduced samples. 
In order to prove this suggestion, the kinet- 
ics of I-butene oligomerization on prere- 
duced NiCaY zeolites were measured (Fig. 
2), since I-butene was found to be the major 
reaction product of ethylene dimerization 
(3, 5-7). It follows from Fig. 2, in accor- 
dance with our expectations, that the initial 
rate of 1-butene oligomerization on the 
thermally reduced catalysts was substan- 
tially higher than that on photoreduced 
samples (curves b and c, respectively). In 
addition, the thermally reduced samples de- 
activated more rapidly. 

The higher activity of the thermally re- 
duced catalysts in butene conversion is ap- 
parently connected with the presence of 
proton acidic centers on which the olefin 
oligomerization readily occurs (15, 16). In 
the course of thermal reduction in hydro- 
gen, not only Ni+ ions but also Ni”-ferro- 
magnetic clusters are formed. The latter 
process is accompanied by the appearance 
of proton acidic centers which are required 
to maintain the electroneutrality of the 
zeolite framework (15). Photoreduction is a 
much more selective process, and no NiO- 
phase was formed. Therefore butene yields 
on the photoreduced catalysts remarkably 
increased. 

EPR study of the interaction of Ni+ ions 
with ethylene. The activation procedure of 
NiCaY samples, described above, led to the 
formation of Ni+ ions, detected by EPR. A 
representative spectrum of Ni+ with g, = 
2.092 and unobservable gll is shown in Fig. 
3a. Previously similar spectra were re- 

0 20 40 t. [/m/7] 

FIG. 2. Rates of decrease of I-butene pressure at 
room temperature over NiCaY zeolite: (a) unreduced; 
(b) reduced in Hz at 473 K for 2 h; (c) photoreduced in 
H2 at 77 K for 1.5 h. POCqHg = 65 Torr. 
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FIG. 3. EPR spectra of photoreduced NiCaY zeolite: 

(a) photoreduced in Hz at 77 K for 2 h; (b) after admis- 
sion of 70 Torr of CzH4 at room temperature; (c) after 
outgassing of sample (b) at 373 K. Spectra were re- 
corded at 77 K. 

ported for the Ni-zeolites photo- and ther- 
mally reduced in H2 and were assigned to 
Ni+ ions in Si, or Sir, positions (9-11). 

The amounts of Ni+ ions formed by ther- 
mal reduction or photoreduction are rather 
low. The concentration of Ni+ ions could be 
estimated by double graphic integration of 
the EPR spectra of complexes with CO. In- 
tegration of such spectra could be per- 
formed more accurately than that of the 
original broad Ni+ spectra with unobserva- 
ble gll. The maximum Ni+ concentration 
was found to be 3 x IO’* g-i; this value 
corresponds to only l-2% of the total num- 
ber of Ni2+ ions in the NiCaY zeolite. 

It was of the utmost interest to study the 
interaction between Ni+ ions and olefins 
since it was thought this might give addi- 
tional information on the nature of the cata- 
lytic activity of reduced samples. After ad- 
sorption of relatively small amounts of 
C2H4 (1 x lOi* molecules . g-i) on photore- 
duced NiCaY at 300 K, i.e., when the 
Nc2n4: NNi+ ratio was kept below 0.5, the 
EPR spectrum of Ni+ (g, = 2.092) did not 
change. After adsorption of greater 
amounts of ethylene (Nc2n.,: NNi+ = 0.5 + 
3.0) a gradual decrease of the Ni+ EPR sig- 
nal and appearance of a new signal with gi 
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= 1.965, g2 = 2.550, and g3 = 2.701 were 
observed (Fig. 3b). The intensity of this 
spectrum did not change appreciably when 
increasing the ethylene pressure up to 50- 
70 Torr. 

Identical spectra were obtained when a 
slightly modified procedure was employed. 
Ethylene was admitted to the photoreduced 
and evacuated sample, kept at 77 K. The 
sample was then removed from the liquid- 
nitrogen bath and held for a few seconds at 
ambient temperature. After the frozen eth- 
ylene had melted, the sample was im- 
mersed again in the liquid-nitrogen bath and 
EPR spectra were recorded. 

It should be noted that the original spec- 
trum of Nit ions with g, = 2.092 did 
not disappear completely after ethylene 
adsorption. This fact may be regarded as 
evidence for inaccessibility of a certain 
fraction of the Ni+ ions for ethylene mole- 
cules. 

At room temperature the Ni+-ethylene 
complexes are stable for a long time (at 
least 3 days). Thus, it seems likely that the 
products of oligomerization reaction (bu- 
tenes and higher oligomers) are not able to 
displace ethylene molecules from the coor- 
dination sphere of the Ni+ ions. Outgassing 
the samples at room temperature did not 
lead to any change in the intensity or 
lineshape of the spectrum shown in Fig. 3b, 
but after heating the sample in uucuu at 370 
K there was a shift of the g-values and a 
new spectrum with gl = 2.0017, g2 = 2.28, 
and g3 = 2.79 was observed (Fig. 3~). After 
raising the temperature of evacuation to 520 
K the original Ni+ signal with g, = 2.092 
and with the initial intensity was restored. 
After such a treatment the zeolites retained 
their catalytic activity. 

It might be thought reasonable to assume 
that the spectrum shown in Fig. 3b could be 
assigned to complexes of Nit with the reac- 
tion products. However, this suggestion is 
inconsistent with the following experimen- 
tal findings: 

(1) After 2-butene adsorption at 300 K on 
prereduced zeolites an EPR spectrum with 

different g-values (g,, = 1.957, g, = 2.66) 
was obtained. 

(ii) As shown above, identical EPR spec- 
tra were recorded either after interaction of 
excess ethylene with the Ni+ at low temper- 
ature, when the dimerization reaction was 
quenched, or after adsorption of relatively 
small amounts of ethylene at 300 K, when 
the reaction was allowed to proceed. 

The spectrum in Fig. 3b is not character- 
istic of Ni+(dg) ions because one of its g- 
values (gJ is substantially less than g, = 
2.0023. Earlier we observed similar EPR 
signals after adsorption of ethylene and 
propylene on prereduced Ni2+/Si02 and 
Ni2+/A1203 (13). Recently appearance of 
EPR spectra with gI < g, and a large g- 
value anisotropy after adsorption of differ- 
ent olefin molecules on the prereduced 
NiCaX zeolites has also been reported (I I). 
However, no interpretation of the observed 
g-values was given so far. 

The spectra presented in Fig. 3 (b and c) 
cannot be explained in terms of simple 
crystal field theory, which is often applied 
for interpretation of EPR spectra of transi- 
tion metal ions and their complexes, since 
for paramagnetic ions with &-electron con- 
figuration this theory predicts all three g- 
values greater than g, = 2.0023. A large g- 
value anisotropy in the Ni+-olefin spectra 
can be regarded as an indication that the 
electronic state of Ni+ ions is nearly degen- 
erate. Perhaps, the peculiarities in the EPR 
spectra of such complexes can be attributed 
to a strong covalent bonding between the d- 
electrons of Ni+ ions and the g-electrons of 
ethylene molecules. 

After admission of 60 Torr of C2H4 at 
room temperature on unreduced NiCaY 
catalysts a weak EPR signal of Ni+ ions 
with g, = 2.092 was developed in lo-15 
min. This observation correlates with the 
existence of the “induction period” for the 
dimerization reaction, which was described 
above (Fig. 1). However, in contrast to the 
prereduced samples, the lines correspond- 
ing to the Ni+-ethylene complexes could 
not be seen in this case in the EPR spectra; 
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this is thought to be due to their low inten- 
sity. Carbon monoxide admission (-100 
Torr) on the sample with preadsorbed eth- 
ylene gave rise to a typical Ni+(C0)3 EPR 
spectrum (see below); however, its inten- 
sity was 3-5 times lower than that in the 
zeolites prereduced in HZ. 

Poisoning catalytic activity by CO. Cor- 
relations between activity and the number 
of Ni+ ions. Adsorption of even a small 
amount of CO (5 X lOi molecules * g-l) on 
reduced NiCaY samples completely sup- 
pressed their activity in ethylene dimeriza- 
tion. However, this poisoning effect was 
found to be reversible, because after CO 
desorption at 420-440 K the samples re- 
gained their initial activities. 

As shown in Refs. (9-13), Ni+ ions can 
yield complexes with CO molecules, 
Ni+(CO),, in which n varies from 1 to 4, 
depending on the CO pressure. Similar 
complexes were also detected by EPR in 
the reduced NiCaY zeolites. The following 
g-values were found: Nif(C0)3-gl = 
2.013, g2 = 2.118, and g3 = 2.225; 
Ni+(W~sl = 2.065 and 811 = 2.212; 
Ni+(CO)-g, = 2.015 and gll = 2.39. The 
Ni+(C0)3 complexes prevailed under CO 
pressures above 100 Torr; the Ni+(C0)2 
complexes were stable when outgassing the 
zeolite down to residual pressure of 5 x 
1O-s Torr at 300 K, while the Ni+(CO) spe- 
cies were detected after evacuation of the 
samples at 350 K. In the last case lines be- 
longing to the Ni+(C0)2 and bare Ni+ spe- 
cies were also observed. It should be noted 
that the thermal stability and the CO pres- 
sures required for the formation of 
Ni+(CO), complexes in NiCaY zeolite dif- 
fer considerably from those characteristic 
of the corresponding Ni+ species in NiCaX 
zeolites (II). 

By measuring the number of CO mole- 
cules (iVdes.) desorbed from the samples, 
pre-outgassed at 300 K, during a tempera- 
ture rise from 300 K up to 420-440 K, it was 
possible to estimate the concentration of 
the Ni+ ions. In this way it was found that 
Ndes. varied from 0.12 x lOi to 3.5 X lo’* 

molecules CO per g catalyst, depending on 
preliminary irradiation time (0.3-0.5 h). In 
blank experiments with unreduced samples 
no CO desorption from the samples, out- 
gassed at 300 K, was observed. 

Taking the slopes of the initial portion of 
the kinetic curves presented in Fig. 1 as a 
measure of the reaction rates, one can ob- 
tain a plot of the activities of the photore- 
duced NiCaY catalysts versus Ndes., which 
is proportional to the Ni+ ion concentration 
produced by photoreduction (Fig. 4). As 
seen from this figure, there is a linear rela- 
tionship between Ndes. and the initial dimer- 
ization rates over a wide range of the Nit 
concentration. This implies that the cata- 
lytic activity of the reduced NiCaY zeolites 
is controlled by the Ni+ concentration. 
Thus it seems reasonable to conclude that 
Nit ions take part directly in the formation 
of the catalytically active sites or are pre- 
cursors of such sites. 

Poisoning the catalytic activity by CO ad- 
sorption can be rationalized when consider- 
ing the corresponding EPR spectra. On the 
one hand, it was established that at room 
temperature in the presence of gaseous CO 
the Ni+(C2H& EPR spectra transformed 
rapidly into the spectra typical of Ni+(CO), 
complexes. This implies that CO molecules 
behaved as stronger ligands, replacing one 
or several C2H4 molecules from the coordi- 
nation sphere of the Nit complexes. On the 
other hand, even under relatively high pres- 
sures of gaseous C2H4 (up to 50 Torr), no 

FIG. 4. Dependence of initial rates of ethylene con- 
version on the number of Ni+ ions in photoreduced 
NiCaY zeolite (sample mass is 0.3102 g). 
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changes in EPR spectra of the Ni+(CO)* duction of NiCaY and their role in cataly- 
complexes were found to occur at room sis. In our earlier work (17) which dealt 
temperature. Thus it appears from these with the study of the low-temperature HT 
data that the entering of one or more CO D2 exchange reaction mechanism on pho- 
molecules into the coordination sphere of toreduced NiY zeolites, two parallel reac- 
the Ni+ ions prevents their participation in tions were proposed to occur under 
catalysis. uv-irradiation: 

Formation of hydride ions by photore- 

r NiZ+-OZ- 2 [Ni+-O-l* 2 

Ni+-OH- + H (14 

The Ni2+H- or Ni+H species formed in re- 
action (lb) were defined in Ref. (17) as 
“hydride ions”; they were shown to be the 
active intermediates in the HyD2 exchange 
reaction. On the other hand, Feldbljum (2) 
assumed that the activity of nickel-contain- 
ing catalysts in the olefin dimerization reac- 
tion could be associated with the formation 
of a hydride-type bond, Ni-H. Therefore, it 
was of interest to investigate the possible 
role of “hydride ions” in this reaction. 

After preliminary uv-irradiation in the 
presence of 100-200 Torr of H2 NiCaY 
samples exhibited a high catalytic activity 
in HTD2 exchange at room temperature. 
This result agrees fairly well with the data 
of Ref. (17). Heating the photoreduced 
samples at 390-420 K was accompanied by 
desorption of 1 x 1018-1.5 x lOI8 molecules 
of HZ per g catalyst and by an increase of 
the Ni+ EPR signals to 2 X lo*“3 X lOI 
spins per g catalyst. In addition, by such a 
treatment NiCaY samples were completely 
deactivated in the exchange reaction. This 
could be explained by the thermal dec&T- 
positionofthe “hydride ions”: Ni2+Hm - 
Nit + iH2. 

1 Ni2+H-(Ni+H) + OH- (lb) 

support the earlier proposed idea about the 
involvement of “low-vaIent” nickel ions in 
the ethylene dimerization reaction. The ob- 
served correlations between the concentra- 
tion of Ni+ ions in reduced samples, and 
also the number of CO molecules required 
for poisoning of the catalysts, and the rates 
of the dimerization reaction enable us to 
draw a definite conclusion that the catalytic 
activity of NiCaY zeolite$\in ethylene di- 
merization reaction is determined by the 
presence of Ni+ ions. Using EPR spectros- 
copy, it was possible to clarify the mecha- 
nism of the poisoning effect of CO adsorp- 
tion and to explain why the induction 
period was observed in the case of unre- 
duced samples. Furthermore, it is shown 
that the photoactivation of NiCaY catalysts 
has certain advantages as compared to the 
thermal reduction procedure, because it 
gives catalysts with better selectivity for 
the dimerization process. 

However, the heat treatment of the pho- 
toreduced samples had no noticeable influ- 
ence on the rates of the ethylene dimeriza- 
tion reaction, so that one may conclude that 
Ni2+H- species are not involved in this re- 
action. 

CONCLUSIONS 

The results of the present paper clearly 

Nevertheless, the mechanism of the cata- 
lytic action of Ni-containing centers still re- 
mains unclear. A more thorough study of ’ 
the structural and chemical properties of 
the Ni+ complexes with olefins detected by 
EPR, and their further transformations un- 
der reaction conditions might give a deeper 
insight into detailed mechanism of the oli- 
gomerization catalysis and may be an ob- 
ject for future investigations. 
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