
The effects of tetrahydrofuran and acetonitrile bases on activity of homogeneous
Cp2ZrCl2/MAO catalyst system towards ethylene/propylene copolymerization were
investigated. The possibility of increasing polymer molecular weight through

increasing the electron density of the Zr atoms of the metallocene-based catalyst was
studied by means of conducting a semi-continuous polymerization system at atmospher-
ic pressure. Both catalytic activity and viscosity average molecular weight were increased
upon addition of acetonitrile into the polymerization system. Although addition of tetrahy-
drofuran increased the molecular weight slightly small traces of this base, however, low-
ered the activity of the catalyst. Active centre determinations were carried out using
14CO-tagging technique. The rate enhancement which was observed with acetonitrile
addition was suggested to be due to site activation rather than to an increase in the con-
centration of active centres.
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The evaluation of kinetic parameters
in homogeneous Ziegler-Natta and
metallocene-based catalysts in ethyl-
ene polymerization and ethylene/α-
olefin copolymerization are of great
scientific and technical interest both
on their own account and as part of

the more general suitability point of
view [1]. The high-activity zir-
conocene polyolefin catalysts have
been claimed to offer some unique
features [2-8]. The catalytic system
is extremely long-lived and the
molecular weight distributions of the
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resulting polymers are very narrow, e.g. equal to 2 or
even less [2-5]. Recently, a number of publications [6-
8] have introduced some of the factors which influence
the activity of metallocene catalysts in ethylene poly-
merization, but there seems to be a lack of any consid-
erable knowledge concerning the activity enhancement
in ethylene/propylene copolymerization in the presence
of these catalysts. In copolymerization there is compe-
tition between the different comonomers reacting at the
same growing chain end and in this relation among
very extensive literature, much is said about the per-
formance of conventional Ziegler-Natta catalysts, and
factors affecting the nature of active sites, but almost
nothing is published on the modification of activity in
metallocene counterparts.

In the present paper, we have investigated the effect
of tetrahydrofuran and acetonitrile Lewis bases in eth-
ylene/propylene copolymerization in the presence of
Cp2ZrCl2/MAO system carrying out rate measurement
studies and active centre determination. 

The results show that the activity of the catalyst is
enhanced by proper addition of acetonitrile at a certain
amount. This development gives the possibility to pre-
pare a copolymer having a high degree of purity and
high molecular weight without the need for additional
purification processes.

EXPERIMENTAL

Chemicals and Materials
Toluene (from Aldrich), as polymerization solvent, was
double distilled over CaH2 and Al2O3 and it was final-
ly dried by passing through a column containing a mix-
ture of 4A and 13X molecular sieves. Ethylene and
propylene monomers (from BDH Chemicals) with
99.8% and 99.5% purity, respectively were further
purified by passing them through separate columns
containing 4A and 13X molecular sieves. Acetonitrile
and tetrahydrofuran (from Jannsem Chemica, now
Acros Chemica) both with 99% purity were used as
electron donors. Both bases were dried over molecular
sieves before use. n-Heptane (from BASF) was dried
with sodium and distilled before use. Cp2ZrCl2 and
MAO (from Witco) were used after dilution. All opera-
tions were carried out under a dry argon atmosphere by
using glove-box and Schlenk line techniques. Argon

gas was purified by passing through columns of BASF
RS-11 (Fluka) and Linde 4A molecular sieves. Radio-
labeled carbon monoxide (from BASF plc) was
received in a 10 cm3 cylinder as a mixture with inactive
carbon monoxide under a total pressure of 3 bar. The
quoted activity was 1.5 mci. 14C-Labeled toluene (from
BASF plc) had a certified activity of 1.76 * 106 dpm
cm-3 on 16th November 1995 (date of production) and
was used as a standard for the calibration of the count-
ing efficiency. Scintillation gel, NE-221, (from G&G
Chemical) used for the measurement of the 14CO spe-
cific activity and for radio-labeled polymer counting. 

Apparatus and Polymerization Method
A 250 cm3 capacity jacketed glass-reactor with an effi-
cient water-cooled condenser was used to conduct the
polymerizations in toluene. The reactor was of the
open-ended flange top type to facilitate the multiple
addition of catalyst, cocatalyst and pure solvent
through individual inlets continuously. Ethylene and
propylene were supplied to the reactor semi-continu-
ously via two restricting valves and a 3-way tap. In the
reactor, part of each monomer was polymerized and the
rest was discharged and measured by a wet flowmeter.
The product mixture was discharged after a certain time
interval. All polymerizations were performed at 40 C
in toluene with an ethylene/propylene mixture consti-
tuted of 0.5 bar of ethylene completed to 1 bar with
propylene gas. Purified argon gas was used to provide
a dry atmosphere in the reactor. The produced samples
were immediately quenched with acidic ethanol,
washed thoroughly with deionized water and dried
overnight in a vacuum oven at 65 C. The flow sheet of
the polymerization system and more details of the tech-
nique is given elsewhere [9].

Active Centre Determination
Scintillation gel NE-221 was used for radio-labeled
polymer counting. At the end of a polymerization run,
the gas feed mixture was switched off, the reactor was
evacuated three times, and a certain amount of the
14CO-12CO mixture was introduced into the reactor
while still under vacuum. The transfer of the labeling
agent was controlled by the use of gas-tight stainless
steel valves and 3-mm tubings. For the measurement of
the concentration of active centres a 0.05 g of finely
drived polymer sample was dissolved in solvent in a
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scintillation vial and 10 cm3 of NE-221 was added. The
vial was flushed with argon, and whirl-mixed until a
non-settling polymer solution was formed. The
radioactivity of the labeled polymers were then meas-
ured by using a liquid scintillator of the type TRI
CARB 300 C. The number of active centres was then
calculated using the so-called Feldman and Perry equa-
tion [10]. 

Whereby, C*= number of active centres (in mol/mol Ti), 
A = polymer radioactivity (in dpm/g), 
G = polymer yield (in g PE/ mol Ti),
a = 14CO specific radioactivity (in dpm/mol)

dpm = disintegration per minute; 1dpm = 60 Bq.

Rate and Yield Calculation
The volumetric flow rate of the monomers supplied to
the reactor was controlled by means of a system of
pressure gauge. Calibration of each monomer-orifice
combination was carried out by measuring the volu-
metric flow rate of monomers.  A propylene/ethylene
molar ratio of 50/50 was employed in this study.  The
total monomer volumetric flow rate was always
checked at the start of any polymerization run.  After
purging the system with purified-dry argon for 20 min,
toluene was transferred from its reservoirs to the reac-
tor by applying excess of argon gas pressure. Once the
temperature of the circulating water around the reactor
had reached the required polymerization temperature
(40 C), a run was started by switching the argon supply
with the monomer gas mixture. After the establishment

of steady state conditions, 40 cm3 of polymer solution
was collected into a conical flask and was quenched
according to the procedure described earlier in experi-
mental part.  Generally 3-5 samples were collected for
each polymerization run which normally showed
almost identical yields (within –5%).  The mean poly-
mer yield was then calculated as follows: 

The polymerization rate, Rp, under steady state condi-
tions was calculated in terms of  g mol-1s-1 using the
following expression:

Viscosity Measurements
The viscosities of 0.1 g/dL polymer solutions in decalin
were determined at 135 C, using a jacketed Ubbelohde
viscometer. A one-point intrinsic viscosity, [η] tech-
nique and direct application of Mark-Howink equation
of the form [η] = 3.8  10-4 Mv

0.7 dL/g displayed the so-
called viscosity average molecular weight, Mv [11].

RESULTS AND DISCUSSION

One of the characteristic features of the Cp2ZrCl2/
MAO catalyzed ethylene/propylene copolymerization
is that only copolymers of extremely low molecular
weights are produced by this catalyst, a possible expla-
nation for which is the occurrence of a variety of chain
transfer processes such as the β-hydride elimination
giving rise to an increased rate of chain termination
[12]; viz., 

where, P denotes the polymer chain.
In the present work the effect of THF and CH3CN

Lewis bases (LB) on the copolymerization behaviour
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Figure 1. Effects of THF and CH3CN on molecular weights of

copolymers prepared by the Cp2ZrCl2/MAO catalyst system.

Polymerization conditions are shown in Table 1.
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of the Cp2ZrCl2/MAO catalyst system was examined
with the purpose of investigating the possibility of
improving the molecular weights of the copolymers via
decreasing the electron deficiency of the transition
metal active centre by adding such lone pair bearing
groups in Lewis bases. The polymerizations were then
carried out according to the conditions shown in
Table 1. This table presents the data of the extent of the
variations in the copolymerization rate and the polymer
molecular weight as a function of the LB/Zr molar ratio
when the catalyst concentration was kept constant and
the LB concentration was varied. As it can be seen,
both bases have increased the molecular weight of
copolymers, for which the extent of the increase being
dependent on the type and the relative amount of the
base added. Figures 2 and 3 show that of the two bases
used, CH3CN exhibited a better influence on increasing
the performance of the catalyst systems under study.
Although addition of THF increased the molecular
weight by a factor of 20%, even traces of this additive
lowered the catalytic activity probably due to an
increased rate of β-hydrogen elimination process [12].
In contrast, addition of CH3CN at a [CH3CN]/[Zr] ratio
of 20:l increased the molecular weight by about 70%
and surprisingly enhanced the catalyst activity by 28%.
Further addition of this compound had, however, no
increasing effect on the molecular weight and instead
decreased the polymerization rate continuously.
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Table 1. Effect of addition of Lewis bases on catalyst activity and copolymer molecular weight.

[Zr] = 5×10-3 mmd dm-3, [C3]/[C2] = 50:50, [Al]/[Zr] = 3000:1, mean residence time = 5 min, temperature = 40°C, solvent= toluene.
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Figure 2. Effects of THF and CH3CN on activity of the

Cp2ZrCl2/MAO catalyst system. Polymerization conditions

are shown in Table 1.

Figure 3. Diagrammatic illustration of energy transfer

process in liquid scintillation counting.
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β-Hydride transfer from the growing polymer chain
directly on to a coordinated olefin has been implied as
a dominant chain termination process by studies on
end-group distributions in ethylene/propylene copoly-
merization [12] and on hydro-oligomer distributions at
different olefin concentrations [13] in Zirconocene cat-
alysts. Direct β-H transfer from the growing polymer
chain to a coordinated olefin does indeed appear to
prodominate as indicated by a near-constancy of
molecular weights with increasing olefin concentration
[12-13]. 

However, a strong increase of molecular weight
almost proportional to the electron donor concentration
indicates that the remaining chain termination arises
almost exclusively from β-H transfer to the zirconium
metal. Acetonitrile additive thus appears to block a rel-
atively large fraction of chain terminations that would
otherwise arise from β-H transfer directly to a coordi-
nated olefin, a process which seems to be less profound
in the case of tetrahydrofuran probably due to its ring
structure.

Effect of Tetrahydrofuran and Acetonitrile Lewis
Bases on Concentration of Active Centres
Active centre determinations by LSC technique were
carried out using a set of experimental conditions sim-
ilar to those used in the kinetics studies. The liquid
scintillation counting technique is now a well-known
procedure for counting weak β-emitters such as 3H,
14C and 35S. This method operates essentially by trans-
duction of nuclear decay of the radioisotopes into light
photons. The photons so produced are then collected,
amplified, quantified and are recorded as a count rate
[14,15]. The energy transfer process in scintillation
counting technique is represented in Figure 3. 

For investigating the effect of each Lewis base, the
copolymerization reaction was quenched at three dif-
ferent [LB]/[Zr] molar ratios. The 14CO poison was
then added to the reactor in absence of monomer mix-
ture. According to the results shown in Table 2, no
appreciable variations were observed in the concentra-
tion of the Zr-P bonds as a result of either CH3CN or
THF addition, as are illustrated graphically in Figure 4.
It is, therefore, reasonable to propose that the variations
in the kinetics of the copolymerization and in polymer
properties as a result of the addition of these electron
donor molecules are attributed to the changes in the
nature of active centres rather than to variations in their

concentrations.
The addition of 14CO poison to a polymerization

mixture in the presence of CP2ZrCl2 catalyst is
believed to lead to the following reaction scheme
[16,17]:

Where, is a vacant coordination site on C2-sym-
metric zirconium metal and P is a growing polymer
chain.

In spite of the simplicity of the 14CO-radio-labeling
method, there is growing doubt in the scientific litera-
ture regarding its validity and the accuracy of the
reported values of C* and Kp. It has been claimed that
the insertion of 14CO into cat-P bonds is extremely
rapid requiring less than 5 min of exposure time
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Table 2. Effect of THF and CH3CN on the concentration of

active centres.
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Figure 4. Effects of THF and CH3CN addition on concentra-

tion of the Cp2ZrCl2-MAO catalyst system. Polymerization

conditions are shown in Table 1.
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[18,19]. It is also believed that there is no reaction of
14CO with the Al-polymer bonds [20]. In the present
work, the residence time (the contact time between
14CO poison and the copolymer) was always 5 min,
since the final radioactivity of copolymer samples were
observed to be constant with increasing the exposure
time (contact time), and the reaction was initially
assumed to be as follows:

The results of a number of works [21,22] and those
obtained in this article show that the ethylene/propy-
lene copolymers produced by the Cp2ZrCl2/MAO cat-
alyst system have modest molecular weight in the
range of tens of thousands. The most likely reason that
can be put forth for formation of short chains is that the
molecular weight is limited by chain transfer processes
such as the β-hydride elimination, viz.,

The extent of above process clearly depends
strongly on the concentration of monomer molecules
being present in the medium and diminishes with an
increase in total monomer pressure and because the
transition state requires a vacant coordination site,
therefore, the occupation of all available coordination
sites by monomer molecules is the main reason for
reduction in the extent of the β-hydride elimination.
However, another monomer concentration dependence
chain transfer process which is known to occur in such
a catalyst system is sigma bond metathesis [23], i.e.

The above reaction would limit the extent to which the
copolymer molecular weights may be increased at high
monomer concentrations. This assumption is on the
basis of the postulated mechanism for formation of
active species in Cp2ZrCl2/MAO catalyst system [24]
as shown in Figure 5. 

In the present investigation, the possibility of
increasing polymer molecular weight through increas-
ing the electron density of the Zr atoms of the metal-
locene catalyst was carried out via the introduction of
tetrahydrofuran or acetonitrile into the copolymeriza-
tion system. As was shown, while a significant
decrease in catalytic activity and an increase in copoly-
mer molecular weight were the results of addition of
THF with various [THF]/[Zr] ratios, addition of
CH3CN with [CH3CN]/[Zr] = 20:1 not only caused the
molecular weight to increase by almost 70% but also
surprisingly improved the catalytic activity by a factor
of 28%.

Although the increase in molecular weight
observed in the presence of CH3CN is not still suffi-
cient for producing EPM elastomers of good mechani-
cal properties, but, it indicates that the Zr atoms in the
growing polymer chains are highly electron deficient
and their driving force toward hydride formation may
be reduced by adding certain amount of a suitable elec-
tron donor. The fact that even small amounts of THF
lowered the catalytic activity may be then an indication
for the limitation of using a Lewis base to effect the
polymerization behaviour of the homogeneous metal-
locene based catalyst systems. This is probably because
the metallocene and the MAO cocatalyst are both
Lewis acids. Therefore, we propose that the following
acid-base equations may represent the actual interac-
tions occurring between the LB and the catalytic com-
ponents:

where, Zr-P denotes a growing centre and  K = K1 /K2.
In fact when K1 is very small, then the polymerization
activity is greatly reduced in the presence of even small
amounts of LB. If K2 is also small, no variation would
occur in rate and activity in presence of the LB additive.  
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The results of Table 1 indicate that this situation is
true for THF. Since the molecular weight of the copoly-
mer increased in the presence of acetonitrile, a change
in the propagation rate constant of active species is
likely to have occurred. In addition, active centres of
different reactivity ratios and different lifetime may be
produced in the presence of these Lewis bases. 

CONCLUSION

An examination of the rate enhancement effect with a
homogeneous Cp2ZrCl2 catalyst was made in ethyl-
ene/propylene copolymerization in the presence of ace-
tonitrile. Tetrahydrofuran was not effective due to its
ring structure. Here, the crowding of the nucleus
around the oxygen atom is the main reason for why
tetrahydrofuran does not cause the rate enhancement.
However, both bases increase the degree of polymer-
ization via reduction of chain transfer processes. On the
other hand, active centre determination proved that no

variation occurs in the number of active species in the
presence of the bases compared to the amounts pro-
duced in blank system. We hence conclude that site
modification is the main operating factor for the rate
enhancement. The propagating sites so produced will
have higher rate constant.

Therefore, it is possible to search for more suitable
electron donors which lead to intensified activity
enhancement effects and hence eliminating the expen-
sive and time consuming purification processes of the
final products.
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Figure 5. Postulated mechanism of active species in Cp2ZrCl2/MAO catalyst system.
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