polymer

ELSEVIE Polymer 41 (2000) 61616169
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Abstract

Hydrogenolysis is a commonly used method to control the molecular weight or size of polymers obtained by Ziegler—Natta and related
metallocene catalysts. However, the precise mechanism governing these controlling processes is still unknown. It is most accepted that the
insertion of hydrogen molecule into the metal—alkyl bond of the catalyst active species competes favorably against the ethylene insertion.
Thus, the newly formed hydride complex would react with an incoming ethylene starting a new polymer chain. Ab initio calculations at the
B3LYP/LANL2DZ level of theory have been performed to calculate the reaction profile of both ethylene and hydrogen insertions into the
metal—carbon bond of a zirconocene catalyst system. It has been observed that the activation barrier for the hydrogen molecule insertion is
lower than that in case of the ethylene insertion (4.58 vs 7.48 kcal/mol), supporting the idea of a favored hydrogenolysis process controlling
the molecular weight of the polymers. In addition, the ethylene insertion into the hydride complex formed after hydrogenolysis was also
studied. No barrier for this reaction has been found, indicating that the initiation of a new chain is an easy step from both thermodynamic and
kinetic points of view. The energetic data obtained in the present work provide a reasonable explanation for some experimental facts such as
broadening of polymer molecular weight distributions and the early consumption of hydrogen present in the ethylene polymeraaion.

Elsevier Science Ltd. All rights reserved.
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1. Introduction with Ziegler—Natta heterogeneous catalysts has been exten-
sively studied [14—-20] due to its industrial importance. It
Ziegler—Natta catalysts have been used for more thanhas been experimentally observed that the activity of the
40 years in the polyolefin production but it is only recently heterogeneous catalyst increases when the propylene poly-
that the different issues concerning olefin polymerization by merization is carried out in the presence of molecular hydro-
means of Ziegler—Natta catalysts have been tackled bygen. This fact has been explained by considering that the
guantum chemical methods. For instance, the mechanismhydrogen chain transfer reactions would renew “dormant”
of ethylene insertion in the metal—alkyl bond [1-4], termi- sites in the catalyst, coming from isolated secondary inser-
nation chain reactions [5—8], regio and stereoselectivity of tions [14—20]. On the contrary, for the ethylene polymeriza-
propylene polymerization [9], the comonomer effect [10], tion the changes in the catalyst activity due to the presence
the influence of different ligands coordinated to a metal of molecular hydrogen have not been yet satisfactorily
center [11,12] or the effect of two ethylene molecule on explained [14,16,18]. In fact, the effect of molecular hydro-
the insertion of ethylene in zirconocene catalyst [13] gen on the catalytic activity of metallocene catalysts has
captured the interest of different laboratories. However, received poor attention. Some work has been done on the
the effect of the addition of molecular hydrogen to the reac- polymerization of propylene in the presence of hydrogen
tor, a widely used industrial method for the control of the using different metallocenes as catalysts [21-23]. In all
polymer molecular weights obtained with Ziegler—Natta the reported cases, it appears that the catalytic activity
catalysts [14—24], has received much less attention. Onincreases when hydrogen is present at the reactor. This
the other hand, the ethylene and propylene polymerizationfact is explained again by the renewing of “dormant” sites
produced by the molecular hydrogen [21-23]. The analysis
* Corresponding author. of chain-end groups has given some support to this idea, but
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is not conclusive [21]. Surprisingly, only a few numbers of reactants, transition states and products of the different reac-
papers related to the ethylene polymerization with metallo- tions were calculated with theaussiang8 package [30],
cene catalysts in the presence of hydrogen have beerunder the B3LYP DFT hybrid model [31], which has been
published [24-27] although the changes of the catalyst shown to be quite reliable in both geometry and energy

have not been properly explained by these works.
Recently, Blom and Dahl [24] have reported some results

obtained on the ethylene polymerization in the presence of

molecular hydrogen using the metallocene,Zgl, cata-

calculations [32].

This method includes a mixture of Hartree—Fock and
DFT exchange in addition to DFT correlation terms and
takes the form:

lyst. It seems that the GBrCl, catalyst showed a very high

reactivity towards hydrogen. By performing a series of poly-
merization reactions in which the hydrogen was constantly
introduced in the reactor at different flow rates ranging from

6 to 60 ml/min, they did not observe a systematic activity The |ocal correlation terms are given by the Vosko et al.

change vs the constant hydrogen flow. Atlow hydrogen flow 331 (EY"N) and Lee et al. [34JAES"") functionals, the

a decrease of catalyst activity was obtained, but this |atter including the non-local correction terms. The

XC

3 vp = AXER®® + (1 — A) X EJF + B x AEE®S

+ EEWN + Cx AEE™P

hydrogen flow is increased. Furthermore, it has been experi-

(Ex™® [35] and Becke(AEZ®) [36] exchange functional

mentally observed that the presence of molecular hydrogenj aqdition to the Hartree—Fock oriEX"). The A, B andC

produces a broadening of the polymer molecular weight
distribution [24-27].

Some theoretical works have studied the ethylene inser-
tion into the metallocene hydride complex in order to inves-
tigate the formation of a new polymer chain [28,29].
Zakharov et al. [28] have calculated the activation barrier
for the ethylene insertion into AliR™ (R=CHs, H) at
MP2/3-21G level of theory. The energy barrier obtained
for the ethylene insertion into AICH; (about 18.0 kcal/
mol) is higher than the insertion into ,FiH " (about
3.0 kcal/mol). Hyla-Kryspin et al. [29] have studied the
reaction of acetylene with the model compound
Cl,ZrCH; at RMP2/RHF level of theory. They observed
a small energy barrier (0.2 kcal/mol) and a large exothermi-
city (—8.69 kcal/mol) for the acetylene insertion into
Cl,ZrH™ suggesting that the reaction of acetylene into the
Zr—H bond should be irreversible. They found an energy
barrier of 5.1 kcal/mol for the acetylene insertion into the
Cl,ZrCH;z cation.

In this work we performed ab initio calculations at B3LYP/
LANL2DZ levelto calculate the reaction profile of both ethyl-

ene and hydrogen insertion into zirconocene catalyst to shedN

light on the effect of molecular hydrogen on ethylene insertion
into these catalyst active centers. Additionally, we have
studied the ethylene insertion into the hydride complex formed
after hydrogenolysis reaction in order to check the possibility
of the formation of a new polymer chain.

The main goal of the present work is then to give a

reasonable explanation for some experimental facts for the

ethylene polymerization process in the presence of hydro-
gen with metallocene catalyst systems, as it is the early
consumption of molecular hydrogen and the broadening of
polymer molecular weight distribution.

2. Computational methods

Geometries, energies and vibrational frequencies for the

constants were determined by Becke by fitting to the G1
molecule set.

The LANL2DZ (Los Alamos ECP plus DZ) [37—-39] basis
setwas used for all atoms. This basis set makes use of effective
core potentials for the innermost electrons and takes into
account some relativistic effects in post-third-row atoms.

The transition state geometries were obtained by the
STON (synchronous transit-guided quasi-Newton) [40]
method to locate a saddle-point in the path from reactant
to product. Frequency calculations were performed in order
to check the nature of the stationary points found.

The calculation of some thermodynamic data was per-
formed at 298.15 K and 1 atm of pressure using standard
statistical thermodynamic methods implementedshus-
siaNg8 package. The imaginary frequencies for the transi-
tion states were neglected in all the calculations. No
symmetry constraints were used.

The evaluation of relative population was based assuming
Boltzmann statistics and using the standard equation:

exp(—Gi/kT)
D exp(—Gy/KT)

J

ni_

where n; is the population in energy leve] N the total
population, G; the Gibbs free energy corresponding to
level i, k the Boltzmann constant and is the absolute
temperature. The,/N ratio is related to the probability of
finding a molecule at energy levielEquilibrium conditions
are assumed for the application of the statistical thermo-
dynamics, although the experimental work [24-27] was
not supposed to be a priori in the equilibrium state. The
initial structures were built with Spartan package [41] in a
Silicon Graphics workstation.

3. Results and discussion

All the reactions studied in the present work are
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Table 1

Main geometrical parameters foc reactarita ¢ ethylene):r-complex (Lb), TS (1¢), and productsi(d) of ethylene insertion into GZrCH3 . The labels are
defined in Fig. 1 (distances are inagkd angles irf)

ReactantsXa + ethylene) m-complex (Lb) Transition stateXc) Product (d)?
Zr—C1 - 2.966 2.376 2.221
Zr-C2 - 2.838 2.669 2.743
Zr—Ca 2.230 2.243 2.327 2.719
Zr—Ha 2.799 2.873 2.198 2.328
cl-C2 1.348 1.362 1.432 1.577
C2—-Cu - 3.413 2.168 1.576
Zr—Ca—Ha 109.6 1141 69.5 58.0
Cp-Zr-Cp 136.2 132.3 133.8 132.9
Zr—Ca—C2-C1 - 334 —-6.1 —29.5

2 The C1, C2, @, Ha atoms are renamed in the product as CB, Cy and Hy, respectively (see Fig. 1

~
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Table 2
Main geometrical parameters for reactariis £ hydrogen), dihydrogen complegl§), TS (2c), and productsad) of hydrogen insertion into GZrCH3 . The
labels are defined in Fig. 2 (distances are imrd angles irf)

Reactantsia + ethylene) Dihydrogen complexif) Transition stateZc) Product gd)
Zr—H1 - 2.376 1.958 1.820
Zr—H2 - 2.376 1.955 3.410
Zr—Ca 2.230 2.233 2.350 2.779
Zr—Ha 2.799 2.805 2413 2.426
H1-H2 0.743 0.759 0.950 2.336
H2—Cux - 3.351 1.558 1.110
Zr—Ca—Ha 109.6 113.8 79.6 -
Cp-Zr-Cp 136.2 135.5 137.1 136.5
Zr—Ca—H2-H1 - -83.5 0.3 6.1

summarized in the Scheme 1. Both the ethylene and hydro-ethylene insertion into the GprH ™ are displayed in Table
gen insertion processes into a,@ICH3 model catalyst 3. The corresponding labels are represented in Figs. 1-3.
have been considered and studied with the B3LYP/ Considering first the reactants, the optimized structure of
LANL2DZ theoretical approach. The hydrogen insertion lamay be compared with the experimental X-ray structure
(2b) into the metal—alkyl bond (hydrogenolysis) is compe- of the complex {[1,2-MeCp],ZrCH; CHsB(CsFs)3} [42],
titive against the ethylene insertiobhy) into the same bond.  being in reasonable agreement with it.
The ethylene insertion mechanism into the hydride complex For the measurement of the agostic interaction the Zr—H
(3a) formed by hydrogenolysis was also followed with distances and Zr—C—H angles are generally used. Some
the same theoretical model in order to check whether the authors have showed that these geometrical parameters are
formed hydride complex3@) is an active center for the adequate to analyze these interactions [8,9]. In the opti-
ethylene insertion and therefore could start a new polymer mized structure of the cationic reactadt) we have not
chain. The structures for stationary points and energy found anya-agostic interaction as deduced from the Zg-H
profiles as well as some thermodynamic calculations were distances (2. 799 Aand Zr-G—H, angles (109.9, which
obtained for all processes and will be discussed in the are in agreement with the data published by Ziegler’s group
following sections. [8]. By using the LDA-DF (local density approximation
density functional) level they obtained negligikieagostic
interaction for the CgZrCH; structure.
3.1. Geometries Regarding the binding complexes, the main geometrical
parameters for the optimized structures of the ethylene
In order to explore the competition between ethylene complex (Lb) and dihydrogen comple2b) are presented in
insertion and hydrogen insertion in the same model catalyst Tables 1 and 2. None of them exhibited @mgostic inter-
(1a) we have optimized reactantslg 3a), binding action. The main difference between these binding complex
complexes 1b, 2b), transition stateslg, 2¢) and products  Structures 1b and 2b) is based on how the ethylene and
(1d, 2d, 3d) for both insertions. The main geometrical param- hydrogen molecules, respectively, approach the zirconium
eters for the ethylene insertion and hydrogen insertion into atom. The ethylene coordination to the Zr atom is not
the CpZrCH; model catalyst are shown in Tables 1 and 2, symmetric (distance Zr—Cl 2. 966 And Zr—-C2 2.838 p
respectively. Analogously, the geometrical parameters for while the hydrogen is clearly symmetric (distance Zr—-H1
and Zr-H2, 2.376 A On the other hand, the orientation of
Table 3 ethylene atoms (C1 and C2) and hydrogen atoms (H1 and
Main geometrical parameters for reactara ¢ ethylene) and products H2) with respect to Zr—& bond is different as deduced
(3b) of ethylene insertion GZrH™. The labels are defined in Fig. 3 from the dihedral angle values, ZreSC2-C1 (33.9)
(distances are in And angles ir) and Zr-x—H2-H1 (-83.5). In the dihydrogen complex
Reactants3a + ethylene) Product3d)? (2b) the Zr—Gx and the H—H bonds are mutually perpendi-
cular while in the ethylene& complex the ethylene molecule

g:gi 3'813 5.’532 is approximately in the same plane as the Zs—Bond
Zr—C2 _ 2629 (comparelb and2b in Figs. 1 and 2, respectively).
C1-C2 1.348 1.536 In the binding complexeslp, 2b), the Zr—Gx distances
Zr-C1-C2 - 86.3 are very similar to those obtained for the cationic reactants
Cp-Zr-Cp 138.1 136.9 (1a). The Cp centroid—Zr—Cp centroid angle is reduced
Zr-Cl-Ha-H1 ~ 0.0 from 136.3 in the cationic reactantlf) to 132.3 in the

@ The C1, C2, k atoms are renamed in the product as, ©B, HB, formation of themw-complex (Lb) giving more room for

respectively (see Fig. 3). the incoming ethylene molecule. This angle reduction
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Fig. 3. Selected geometries and energy profile relative to reactant energies for the ethylene insertiofZitd (3s).

practically was not observed in the formation of the dihy- distance 2.328 A This y-agostic interaction is apparently
drogen complex2b) (1.36.3 for reactants vs 135:7or the weaker than the one found by Ziegler et al. using LDA-DF
dihydrogen complex). This observation could be explained model where the Zr—#idistance is shorter (Zr—idistance
by the different steric interactions between the hydrogen or 2.04 A) [8]. It is known that the LDA-DF methods over-
ethylene molecules with the cyclopentadienyl ligands. estimate agostic interactions [7]. Furthermore, in structure
The transition state geometries for the ethylene insertion 1d it is observed that on going from transition structute) (
(10) and the hydrogen insertio2¢) corresponds to the four-  to the product 1d) the Gx—C@ bond distance is somehow
membered ring postulated by the Cosee—Arlman mechan-elongated to reach a value of 1. 577 %o that the ethylene
ism [43]. On the other hand, it is also observed that both double bond is changed to single bond. In the same way the
insertions are assisted byagostic interaction in agreement CB—Cy distance stretches to a value of 1. 576n€l|cat|ng
with the Brookhart—Green mechanism [44]. The four atoms the formation of new C—C bond.
involved in the reactions are practically placed in the same  The hydrogen insertion produc2d) showed the forma-
plane as showed by the dihedral angles Z&—C2-C1 tion of the Zr—H bond (1. 820 Aand the rupture of the Zr—
(—6.7°) and Zr—-&x—H2-H1 (0.3). C3 bond (2. 779/)\ Also observed is the rupture of the
The transition state geometry for the ethylene insertion hydrogen molecule (H1-H2 distance 3. 41))Ao that the
(1¢) occurs relatively earlier in the reaction path than the hydrogen insertion reaction results in a termination chain
transition state for the hydrogen insertidtcy. The C1-C2 process forming saturated polymer chains.

distance has only been increased by 0. 07nd the Zr-G After the ethylene insertion into GprH ", the formed
bond has elongated 0. 084iA the transition statdc while product @d) presents a stron@-agostic interaction (Zr—
the H1-H2 and Zr—& bonds have been increased by 0.191 Hp distance 2. 207 And ZrGxCp angle 86.3). The forma-
and 0.117 Arespectlvely, in the transition stake. tion of a Zr—C bond was also observed. This product could
The a-agostic interaction in the transition stale is insert successive ethylene monomers yielding a polymer

stronger than in the transition sta2e (2.198 AZr—Ha in chain.
1c vs 2.413 AZr—Ha in 20) so that ethylene insertion is
more clearly assisted by aragostic interaction.

In the case of the ethylene insertion into the hydride
complex formed by the hydrogenolysis reaction neither The energy profiles for both ethylene and hydrogen inser-
complex nor transition state were found (Fig. 3). It can be tions in CpZrCH; are shown in Figs. 1 and 2, respectively,
observed that the ethylene molecule inserts spontaneouslywhile the energy profile for ethylene insertion intoZgH*
into the Zr—H bond of the cation hydride reactaB&)( is shown in Fig. 3. All energies are relative to reactants.

The product formed by the ethylene insertion into In Fig. 1 the energy profile for the ethylene insertion into
Cp,ZrCH; (1d) presents ay-agostic interaction (Zr—Hl the metal—alkyl bond of reactantd) is displayed. As can

3.2. Energies
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Table 4

Thermodynamic data for all reaction steps (the labels are shown in Figs. 1-3). All energies are in kcal/mol, except entropy in cal/mol K. Adircalaiati

been performed t& = 29015 K andP = 1 atm (exceptAEge.I = 0 K). The imaginary frequencies of the transition states have been neglected. The energy
increments have been calculated according te B AE = Eg — Ep

Steps AEged AE AHuiat AGipiat ASewa’® Imaginary frequencies (ci)
latethylene— 1b —-18.27 —15.90 —16.49 -5.41 —-37.20 -

1b— 1c +7.48 +7.48 +7.48 +10.55 —10.30 —298.7

1c—1d —-7.14 —5.59 —5.59 —3.09 —8.40 -

2a+ hydrogen— 2b —6.76 —4.68 —-5.25 +1.52 —23.70 —

2b— 2c +4.58 +4.43 +4.43 +6.70 —7.59 —848.3

2c— 2d —15.03 —12.28 —12.28 —11.99 —0.96 -

3a— 3d —37.88 —33.82 —34.42 —22.85 —38.99 -

2 Electronic energy.
P Electronic energy plus zero point energy energy and thermal corrections.
;: AHiora = AEos + RT.
AGta1 = AHota — TASgtar
¢ Entropy increment.

be seen, the interaction binding energy of the ethylene to 21.79 kcal/mol while the global exothermicity of the ethyl-
CpZrCH; (1@) is an exothermic reaction—(18.27 kcal/ ene insertion was 25.41 kcal/mol, therefore the prodigy (
mol). The energy barrier for ethylene insertion into Zr— is expected to be the most likely thermodynamic product.
Ca bond is 7.48 kcal/mol. This value is comparable with On the other hand, the energy barrier for the hydrogen inser-
other theoretical values [7,13] and in agreement with the tion is lower than the ethylene insertion (4.58 vs 7.48 kcal/
estimated experimental propagation barriers for ethylene mol) suggesting that the structurgd] is the most probable
polymerization with metallocene catalysts (5—8 kcal/mol) kinetic product.

[45-47]. The global reaction energy from reactarits) o The energy profile for the ethylene insertion into the
products 1d) is very exothermic {25.41 kcal/mol). The hydride complex formed by hydrogenolysis (ZpH",
relatively small energy barrier along with large exothermi- 3a) is shown in Fig. 3. This reaction was studied in order
city explain the experimental fact that metallocenes are very to see whether the reinitiation of a new polymer chain after

active catalysts. the hydrogenolysis reaction is possible. Along the reaction
In Fig. 2 the energy profile of the insertion reaction of coordinate, no stationary points were found. This insertion
hydrogen into the metal—alkyl bond of reactar)( is reaction takes place without energy barrier from reactants

shown. The interaction binding energy of the hydrogen (3a) to products 8d) and exhibits a large exothermicity
molecule to reactant GArCH3 (1a) is exothermic with (37.88 kcal/mal). Similar results have been reported for
6.76 kcal/mol. Comparing the interaction binding energies the acetylene insertion into the ZtH™ species [29] and
for ethylene and hydrogen to reactant,ZpCH; (1a) it ethylene insertion into §TiH" [28]. All these findings

might be observed that the hydrogencomplex @b) is suggest that the ethylene insertion into the hydride complex

less stable than the ethylener-complex (b) by is an easy process and therefore the initiation of the new

11.51 kcal/mol. polymer chain is possible after the hydrogenolysis has taken
The energy barrier found for the hydrogen insertion into place.

Cp,ZrCH3 (14a) is 4.58 kcal/mol, approximately 3 kcal/mol From the experimental point of view, it still remains

lower than the barrier for the ethylene insertion. These unclear whether the presence of hydrogen affects the cata-
results indicate that the hydrogen insertion into Zr—C lytic activity or not [24,25]. Based on our calculations, it
bond is more favored than the ethylene insertion, which seems to be that the presence of hydrogen could not be
are in agreement with the experiment findings published, responsible for an eventual decrease of the polymerization
showing that the rate constants for the hydrogen insertion rate.
is higher than the corresponding ethylene insertion [48]. In
addition, this observation is in agreement with the experi- 3 3 Thermodynamic calculations
mental results obtained by Blom and Dahl [24] for ethylene
polymerization in the presence of hydrogen. They observed Thermodynamic data calculated at room temperature are
that the hydrogen disappeared at the beginning of the poly-collected in Table 4. All energies were obtained following
merization reaction showing a higher reactivity of hydrogen the standard statistical thermodynamic procedures imple-
to the CpZrCl,/MAO/SIO, catalysts, explaining the experi- mented incaussiang8 [30]. Details of the calculation are
mental observation of the decrease of molecular weight of given in Section 2. This calculation corresponds to the
polymers in presence of hydrogen [14-27]. thermodynamic equilibrium.

The global exothermicity of the hydrogen insertion is  The activation energy found for the hydrogen insertion



6168

into Cp,ZrCH3 (1a) is smaller than that corresponding to
the ethylene insertion (4.58 vs 7.48 kcal/mol), as discussed
in Section 3.2. Taking into account only this factor, the
hydrogen insertion should be more probable than the ethyl-
ene and therefore the ethylene polymerization could not
take place in the presence of hydrogen which is opposite
to the experimental findings [24—27]. Let us analyze this
discrepancy. The binding complex should be stabilized prior
to the insertion process into the Zr—C bond. The formation
of this complex is much more favorable in the case of ethyl-
ene insertion than the hydrogen insertion (see Figs. 1 and 2).
Therefore, by assuming that the number of molecules of
ethylene and hydrogen are the same, the population in the

w-ethylene complex should be higher than in the dihydrogen 2.

complex. By using Boltzmann statistics the population ratio
between ethylene-complex (Lb) and dihydrogen complex
(2b) can be calculated using the following equation:

% _ ex[x_AGleHEthylene—olb/RT)
qu_AGlaJrHydrogen-»Zb/RT)

whereny, and ny, are the populations in the ethylene and
hydrogen complexes, respectively. The population ratio is
1.2 x 10°. Furthermore, taking into account this population
ratio and the free energy barrier&G@") in kcal/mol it is
possible to calculate the probability ratio of ethylene to
hydrogen insertion, according to the following equation:

N2y

1.20% 10° exp(—AGh,_1/RT)
exp(—AGh,_,/RT)

Pen, _
Ph

2

A probability of 180 ethylene per hydrogen insertions (chain
termination reaction) was found, which correspond to oli-
gomers with molecular weights of about 5000 g/mol. As the
hydrogen is consumed, it is expected that the molecular
weight of the chains increase. Molecular weights of
20 500 and 50 000 g/mol were calculated when 75 and

90% of hydrogen have been consumed, respectively. There4.

fore, on the one hand a broadening of the molecular weight
distribution in the presence of hydrogen is expected from
these theoretical results, which is in agreement with the
experimental data published by Bloom et al. [24]. On the
other hand these authors found that low molecular weight
oligomers are produced at the beginning of the reaction and
also that at the end of the polymerization, polyethylene with
higher molecular weights of about 40 000 g/m®,,) is
obtained. Therefore, all the theoretical results are in reason-
able agreement with the experimental observations.

4. Conclusions

From the above-presented results, we can conclude the

following points:

3.
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molecule into the metal—alkyl bond shows a small energy
barrier (4.5 kcal/mol) which is even lower than that
corresponding to the ethylene insertion (7.5 kcal/mol).
These data support the experimental findings of the
early hydrogen consumption during the hydrogenolysis
batch process [24]. Although the energy barrier for the
ethylene insertion is higher than that corresponding to the
hydrogen insertion, the polymerization reaction is still
possible due to the fact that ethylene forms a reactant
complex (Lb) much more stable than the corresponding
dihydrogen complex2b). Therefore, the population in
1b is higher that2b, thus increasing the probability of
ethylene (180 insertions) per hydrogen insertion.

The thermodynamic analysis gives a reasonable account
of the oligomeric species experimentally found at the
beginning of the ethylene polymerization in the presence
of hydrogen when the process is performed in batch
mode [24]. The thermodynamic calculations reported
oligomeric molecular weights of about 5000 g/mol. The
thermodynamic calculations suggest that the molecular
weight gradually increases with the hydrogen consump-
tion (20 500 g/mol for 75% of the consumed hydrogen,
and 50 000 g/mol for the 90% of the consumed hydro-
gen). This result is in agreement with the experimental
fact that polymer molecular weight gradually increases
until there is no hydrogen left [24].

The formation of chains with lower molecular weights is
observed when the ethylene polymerization is performed
in the presence of hydrogen during the first steps with
respect to the polymerization reaction in the absence of
hydrogen. It is evident that when no hydrogen remains in
the reactor the formed polymer will have the same mole-
cular weight as if no hydrogen were present at all. There-
fore, a broadening of molecular weight distribution is
expected from both experimental [24—27] and theoretical
results.

The energetic data obtained in the present work are
indicative that the presence of molecular hydrogen
does not slow down the polymerization reaction cata-
lyzed by zirconocene at least from the viewpoint of the
hydrogen molecule insertion and reactivation of the
hydride catalyst. The initiation of a new polymer chain
from the organometallic hydride formed after hydro-
genolysis is a spontaneous process as deduced from the
absence of any energy barrier during the insertion of
ethylene.
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