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ABSTRACT: The influence of silylene-bridged bis(indenyl) ligand substitution, especially benzannelation
and 2-methyl substitution, on methylaluminoxane-activated metallocene-catalyzed ethene/1-octene
copolymerization in toluene at 40 °C was investigated. 2-Methyl substitution gave significantly higher
molecular masses at the expense of catalyst activity, whereas benzannelation promoted 1-octene
incorporation and randomness of the resulting poly(ethene-co-1-octene) copolymers. Force field calcula-
tions based on steric arguments were used to explain experimental copolymerization results. Activation
energy differences between ethene and 1-octene insertion accounted for improved 1-octene incorporation
in the case of benzannelated metallocenes. According to 13C-NMR microstructure analysis, copolymer-

ization followed first-order Markov statistics.

Introduction

In contrast to conventional multisite Ziegler—Natta
catalysts, single-site metallocene-based catalysts pro-
duce very uniform homo- and copolymers. As a function
of metallocene structure, it is possible to control stereo-
chemistry, molecular mass, end groups, and short-chain
branching without affecting narrow molecular mass
distributions of My/M,, = 2.173 One attraction of the
metallocene-catalyzed ethene copolymerization is incor-
poration of 1-olefin comonomers into the polyethene
backbone over the entire feasible composition range
from O to 100% comonomer content. Moreover, metal-
locene-based catalysts also incorporate cycloolefins,
styrene, and higher 1-olefins, which were difficult to
copolymerize with most conventional catalysts.*—°
Comonomer incorporation is independent of copolymer
molecular mass, whereas early generations of Ziegler—
Natta catalysts, possessing different catalytically active
centers, frequently incorporate larger amounts of 1-ole-
fin comonomer in low molecular mass fractions. Met-
allocene-catalyzed copolymerization represents a ver-
satile synthetic route to families of tailor made polymeric
materials, ranging from low and very low density
polyethylenes to amorphous high-T cycloolefin copoly-
mers, rubbers, thermoplastic elastomers, and flexible
polyolefins which are of interest as blend components
and toughening agents.

In stereo- and regioselective metallocene-catalyzed
propene polymerization, steric control depends primarily
on metallocene structure, especially metallocene sym-
metry. Only C,- and some C;-symmetrical ansa-met-
allocenes produce isotactic polypropene, whereas Cs-
symmetrical metallocenes form either atactic or syn-
diotactic polypropenes.1=3 Molecular mass is dependent
on metallocene structure. Brintzinger© and Spaleck1~13
have discovered almost simultaneously that benzanne-
lation and especially 2-methyl substitution of silylene-
bridged bis(indenyl) zirconocenes leads to a substantial
increase in molecular masses. Several investigations
concerning the influence of metallocene structures in
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ethene copolymerization were made.1#~18 Syndiospecific
metallocenes, used to produce syndiotactic polypropenes,
are reported to promote ethene copolymerization with
higher 1-olefins. Metallocene structure is the key for
controlled comonomer incoporation.

The purpose of this research was to examine the effect
of ligand substitution pattern, especially of benzanne-
lation and 2-methyl substitution, on methylaluminoxane
(MAO)-activated Me,Si(Ind),ZrCl, ethene/1-octene co-
polymerization. Many experimental data available
about comonomer incorporation stand in contrast to the
lack of mechanisms and regulation factors for the
reasons of comonomer incorporation. Therefore, we
wish to report a force field calculation that is able to
support the experimental copolymerization behavior of
the substituted silylene-bridged bis(indenyl) ligands in
ethene/l-octene copolymerization.

Experimental Section

Materials. rac-Me;Si(Ind).ZrCl; abbreviated as I, rac-Me,-
Si(2-Melnd),ZrCl, abbreviated as MI, rac-Me,Si(Benz[e]-
Ind).ZrCl, abbreviated as BIl, and rac-Me;Si(2-MeBenz[e]-
Ind),ZrCl, abbreviated as MBI (see Figure 2) were obtained
from Dr. Udo Stehling of Prof. Brintzinger's group who is
gratefully acknowledged. 1-Octene was obtained from Aldrich
Co., MAO (10 wt % in toluene, M, = 1000 g/mol) from Witco
Germany, toluene from Roth GmbH, and ethene from Gerling
Holz u. Co., Handels-GmbH, Hamburg. Toluene solvent was
rectified over LiAlH, and refluxed and distilled over Na/K alloy
prior to use. 1-Octene was distilled over CaH,. Metallocenes,
ethene, and MAO were used without further purification. All
catalyst components, including toluene solvent and monomers,
were handled and stored under a dry argon atmosphere.

Polymerization. Polymerization reactions were performed
in a glass reactor rinsed with 150 mL of a 0.03 mol/L Al(iBu)s
solution in toluene prior to use. Typically, 86.3 mL of toluene,
9.2 mL of 1-octene, and 2.5 mL of MAO solution were pumped
into the glass reactor. The total volume of the reaction mixture
was 100 mL at all polymerization temperatures. After thermal
equilibration of the reactor system, ethene was continuously
added by a mass flow meter (F-111C, Bronkhorst, NI-7261 AK
Ruurlo, Netherlands) until the reaction mixture was saturated
with ethene. The polymerization was started by adding 0.2
umol of one metallocene in 2 mL of toluene, equivalent to [Zr]
= 2.0 umol/L and [Al] = 40 mmol/L. The pressure of ethene
was kept constant at 2 bar during the polymerization, and the
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Figure 1. Ground (GS) and transition states (TS) used for
force field calculations (L = different indenyl ligands (see
Figure 2); Ry, R, see Tables 1 and 2).

Table 1. Ground States Used for Force Field
Calculations

R;2 LIMb abbreviation
—H ethene GS(E-Pol)
—CgHi3 1-octene GS(0O-Pal)

aR; at ground state (GS); see Figure 1. ? LIM = last inserted
monomer unit at ground state (GS).

Table 2. Transition States Used for Force Field
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Figure 2. Benzannelated and 2-methyl-substituted Me,Si-
(Ind)2ZrCl; metallocene familiy (1, indenyl; B, benzannelation;
M, 2-methyl substitution).

Table 3. Results of Copolymerizations of Ethene and
1-Octene Using Different Metallocenes®

metallocene (run no.)

Calculations 1(1) MI (2) Bl (3) MBI (4)
R.2 LIMP R,2 COoMe abbreviation ethene content® gmol %) 88.2 88.6 80.6 77.8
1-octene content® (mol %) 11.8 114 194 22.2
_: etnene _g Y ithene $§(ME' E'EOP ethene content® (mol %)  65.1 65.9  50.9 46.7
B ethene il -octene (Mo, E-Pol) 1-octene content® (mol %) 34.9 34.1 49.1 53.3
—CeHi3 1-octene —H ethene TS(Mg, O-Pol) re 18.9 195 107 101
—CgHis 1-octene —CgHis 1-octene TS(Mo, O-Pol) o 0.014 0013 0076 0.118
aR,, Ry at transition state (TS); see Figure 1.° LIM = last refo 0.27 0.25 0.81 1.20
inserted monomer unit at transition state (TS). ¢ COM = coordi- act(leltyC 1598 000 894 000 1667 000 596 000
nated monomer at transition state (TS). Mx¢ (g/mol) 90800 140000 77 700 172000
Mw/Mpd 1.6 1.8 1.6 1.8
vapor pressure of the solvent was considered when the ethene Pn® 2390 3720 1750 3690
concentration was calculated. T4 (°C) —48.9 —459 —57.1 —58.5

Copolymerizations were performed to afford low conversions.
Typically, after 10 min copolymerization was quenched by
adding 10 mL of 2-propanol. The copolymer produced was
precipitated in 300 mL of methanol acidified with 10 mL of
10 wt % aqueous HCI, filtered, and dried at 60 °C under
vacuum.

Characterization. 'H-NMR spectra were recorded from
solutions of 80 mg of polymer in 0.5 mL of CDCI; at room
temperature by a Bruker ARX 300 at 300 MHz; *C-NMR
spectra, at 75.4 MHz, with a 30° pulse angle, 2 s delay, and at
least 8000 scans. The signals were referenced to the methyl
signal (0 = 14.84 ppm) of the poly(ethene-co-1-octene). Size
exclusion chromatographic (SEC) analyses of molecular mass
and molecular mass distribution were performed at BASF AG.
Glass temperatures were determined by means of differential
scanning calorimetry (DSC) with a Perkin-Elmer Series 7 from
the heating curve at a heating rate of 20 K/min after twice
previous cooling to —150 °C with 20 K/min and heating to 0
°C with 20 K/min.

We have used the equations reported by Randall® to
calculate the monomer sequence distribution. We calculated
the r parameters by assuming a first-order Markov statistics
and minimized the differences between the monomer sequence
distribution determind by *C-NMR and the simulated mono-
mer sequence distribution.*

Force Field Calculations. We calculated activation ener-
gies as energy differences between assumed ground (GS) and
transition states (TS) by varing the last inserted monomer unit
(ethene or 1-octene) in the case of the ground state and the
coordinated monomers and the last inserted monomer units
in the case of the transition state for the four used metal-
locenes (see Figure 1 and Tables 1 and 2). The structure of
the ground state was taken from the reported X-ray structure
of the model compound [(CsH4Me),Zr(CH,CHz)(PMe3)][BPh4],%
with a stable -agostic hydrogen bond. The structure of the
transition state was assumed to be similar to the calculated
transition state reported by Woo, Fan, and Ziegler.?*

aPg = 2 bar, [E] = 0.2 mol/L = 25 mol %, [O] = 0.6 mol/L
= 75 mol %, [Zr] = 2 umol/L, [Al] = 40 mmol/L, [Al}/[Zr] =
20000, 40 °C, solvent toluene. ® Determined by !3C-NMR.
¢ [(mOIinserted monomer units)/(mom—total monomer conc X mo'metallocene x
Npolymerization time)]- ¢ Determined by GPC using polystyrene stan-
dards. ¢ Degree of polymerization. f Determined by DSC, heating
rate 20 K/min.

For force field calculations (Biosym Software: forcefield
“Discover”, parameter set??) we fixed the positions of the metal
center and the nearest atoms (Figure 2: 2C, °C, 1C, 2C, and the
directly bonded atoms) to retain the structure of the catalytic
center.

Results and Discussion

For a study of the effects of benzannelation and
2-methyl substitution in ethene copolymerization, ethene/
1-octene (1 mol/3 mol) was copolymerized in toluene at
40 °C in the presence of 2 umol/L zirconocenes, as
displayed in Figure 2, which were activated with me-
thylaluminoxane (MAO) using [Al] = 40 mmol/L and
[Al)/[Zr] = 20 000. High 1-octene content was used to
examine the influence of high comonomer content and
to assure that both catalyst and copolymer remain in
toluene solution during copolymerization. Moreover,
ethene copolymers with a 1-octene content higher than
20 wt % are of interest as elastomers and blend
components.®

In Table 3, incorporation of 1-octene, catalyst activity,
molecular mass, molecular mass distribution, degree of
polymerization, and copolymerization parameters as
well as rorg, which is an indicator for randomness of
the copolymers, are listed as a function of metallocene
indenyl ligand substitution. For better comparison of
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Figure 3. Molecular mass and 1-octene content of poly-
(ethene-co-1-octene) as a function of 1-octene feed.

the copolymerization involving ethene and 1-octene, the
catalyst activity was not referred to the mass of the
resulting copolymer, but to the number of inserted
monomers, which is calculated from polymerization
yield and comonomer content. Clearly, 2-methyl sub-
stitution of indenyl as well as the benz(e)indenyl ligand
caused reduced catalyst activity and promoted formation
of higher molecular mass copolymers without affecting
the narrow molecular mass distribution, which re-
mained M,/M,, = 1.8, independent of metallocene struc-
ture. In the series | and BI, benzannelation reduced
molecular masses, whereas benzannelation of the 2-
methyl-substituted metallocenes (cf. MI versus MBI,
Table 3), slightly improved the molecular mass. When
degrees of polymerization (P, in Table 3) are compared,
benzannelation of the indenyl ligand accounts for a
much larger decay than benzannelation of the 2-methyl-
substituted indenyl ligand.

According to 'H-NMR studies, only vinylidene-type
end groups, corresponding to the NMR signal at 6 =
4.65 ppm and resulting from g-hydride elimination after
insertion of 1-octene, are visible. This is an indication
that chain termination occurred exclusively after inser-

P

¢

=90°
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Table 4. Results of Homo- and Copolymerizations of
Ethene and 1-Octene Using MBI

run5 run4 run 6 run 7

ethene conc (mol %) 0 25 40 100
1-octene conc (mol %) 100 75 60 0
ethene conc (mol/L) 0.0 0.2 0.2 0.2
1-octene conc (mol/L) 1.3 0.6 0.3 0.0
total monom conc (mol/L) 1.3 0.8 0.5 0.2
MBI conc (umol/L) 40 2 2 2
Al conc (umol/L) 80 40 40 40
ethene content® (mol %) 0.0 77.8 88.0 100.0
1-octene content conc 100.0 22.2 12.0 0.0

(umol/L)
ethene content® [Gew.%] 0.0 46.7 64.7 100.0
1-octene content® [Gew.%] 100.0 53.3 35.3 0.0
re 10.1 10.6
ro 0.118 0.114
rero 1.20 1.20
activity® 840 596 000 1404 000 6 214 000
Mn¢ (g/mol) 39000 87000 125000 248000
Mw/Mp¢ 1.7 2.2 2.0 2.7
Pnd 350 1870 3.280 8.860
Tg (°C) —62.7 —585 —458 —80.0

a Determined by 13C-NMR. ? [(MOlinserted monomer units)/(MOl/Lotal
monomer conc X MOlmetallocene X hpolymerization time)]. ¢ Determined by GPC
using polyethylene standards. 9 Degree of polymerization. & De-
termined by DSC, heating rate 20 K/min.

tion of 1-octene. The reinsertion of the vinylidene-type
end groups could not be detected when these metal-
locene catalysts were used.

The degree of polymerization decreased with increas-
ing 1l-octene incorporation, which was promoted by
benzannelation. As is apparentin Table 3, at an ethene/
1-octene 1 mol/3 mol molar ratio, 2-methyl substitution
did not affect 1-octene incorporation, whereas benzan-
nelation of both indenyl and 2-methyl-substituted in-
denyl ligands almost doubles the molar content of
1l-octene. When I and Ml or Bl and MBI are compared,
the 1-octene content of the copolymer increased from
12 to 19 mol % or 11 to 22 mol %, respectively. This
effect of benzannelation is also reflected by the copo-
lymerization parameters. Both rg and ro are very
similar for 1 and MI or Bl and MBI, respectively.

I: GS: EPoI)

/

P
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% h=90°
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Figure 4. Structures of ground (GS) and transition (TS) states determined by force field calculations (metallocene, I; last inserted

monomer unit, ethene).
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Figure 5. Structures of ground (GS) and transition (TS) states determined by force field calculations (metallocene, I; last inserted

monomer unit, 1-octene).

Table 5. Monomer Sequence Distributions Determined by 13C-NMR2b

metallocene (run no.)

(1) MI (2) BI (3) MBI (4) MBI (6)
TeoeaP 0.109 (0.107) 0.103 (0.105) 0.130 (0.135) 0.128 (0.125) 0.094 (0.088)
TEoo+00E 0.008 (0.008) 0.005 (0.007) 0.055 (0.056) 0.080 (0.081) 0.029 (0.027)
Tooo 0.001 (0.000) 0.002 (0.000) 0.005 (0.006) 0.015 (0.013) 0.001 (0.002)
Toeo 0.019 (0.014) 0.019 (0.013) 0.032 (0.033) 0.039 (0.035) 0.017 (0.012)
Toee+EE0 0.190 (0.195) 0.190 (0.191) 0.268 (0.260) 0.255 (0.261) 0.169 0.179
Teee 0.673 (0.675) 0.681 (0.683) 0.510 (0.509) 0.483 (0.485) 0.690 (0.692)
deviation® 1.0 x 105 0.8 x 1075 1.4 x 105 1.1 x 1075 3.1 x 1075

2 Teeg, Teeo+0EE, TEOE, TEOO+00E, ToEO, Tooo = triad distribution determined by USing the method described by Randall.X® b Values
in parentheses are simulated using first-order Markov statistics. ¢ Deviation is calculated using the following equation: deviation = [} (Tnmr
— TMarkov)?)/n (Tnmr = triads determined by NMR, Twmarkov = Simulated triads, n = number of triadsS).

Table 6. Results of the Force Field Calculations

metallocene

| Ml BI MBI
Ecs(E-Pol) (kJ/mol) 261.3 248.9 546.8 536.8
Ers(Mg, E-Pol) (k3/mol) 298.9 286.2 587.1 576.1
Ers(Mo, E-Pol) (kJ/mol) 313.3 301.0 599.1 589.5
Ea(Mg, E-Pol) (kd/mol) = Ets(Mg, E-Pol) — (Egs(E-Pol) + Eg) 37.8 375 40.5 39.4
Ea(Mo, E-Pol) (kJ/mol) = Ets(Mo, E-Pol) — (Egs(E-Pol) + Eq) 51.6 51.7 51.9 52.3
Ea(Mo, E-Pol) — Ea(Mg, E-Pol) (kJ/mol) 13.9 14.2 11.4 12.8
Ecs(O-Pol) (kJ/mol) 267.4 256.6 554.5 545.4
Ets(Mg, O-Pol) (kd/mol) 316.5 305.3 598.8 586.8
Ers(Mo, O-Pol) (kJ/mol) 333.2 323.7 614.0 603.1
Ea(Mg, O-Pol) (kd/mol) = Ets(Mg, O-Pol) — (Egs(O-Pol) + Eg) 49.2 48.9 44.5 415
Ea(Mo, O-Pol) (kJ/mol) = Ets(Mo, O-Pol) — (Egs(O-Pol) + Eo) 65.4 66.7 59.1 57.3
Ea(Mo, O-Pol) — Ea(Mg, O-Pol) (kd/mol) 16.2 17.8 14.6 15.7
Ea(Mg, O-Pol) — Eo(Mg, E-Pol) (kJ/mol) 115 11.4 4.1 2.1
Ea(Mo, O-Pol) — Ea(Mo, E-Pol) (kJ/mol) 13.8 15.1 7.2 5.0

a Egs = calculated energy of ground state (see Figure 1 and Table 1), Eys = calculated energy of transition state (see Figure 1 and
Table 2), Ea, = calculated energy differences between ground and transition states, Eg = calculated ground state energy of ethene (—0.2
kJ/mol), Ep = calculated ground state energy of 1-octene (+0.4 kJ/mol).

Benzannelation, in contrast to 2-methyl substitution,
however, significantly changed the copolymerization
parameters, increasing ro and decreasing re. Moreover,
only in the case of benzannelation does rerp approach
1, as expected for random 1-octene incorporation. In
conclusion, 2-methyl substitution favors molecular mass
buildup, whereas benzannelation promotes higher

1-octene incorporation and random distribution of 1-hex-
yl short-chain branches, resulting from 1-octene incor-
poration, along the polyethylene chain. As expected,
higher 1-octene content correlates with lower glass
transition temperatures of the resulting poly(ethene-
co-1-octene) which was found to be —59 °C for poly-
(ethene-co-1-octene), containing 22 mol % 1-octene.
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As summarized in Table 4, MAO-activated rac-
Me,Si[2-Me-Benz[e]Ind],ZrCl, was used to homo- and
copolymerize ethene and 1-octene with variation of the
1-octene content: 0, 60, 75, and 100 mol %. Both
catalyst activity and copolymer molecular mass decrease
substantially when the content of the less reactive,
sterically hindered 1-octene is increased.

Copolymerization parameters, determined at 25 and
40 mol % ethene content were found to be identical and
independent of the ethene/1-octene molar ratio. Similar
to results reported above, increasing the 1-octene con-
tent at 1l-octene molar content higher than 60 mol %
decreased the glass transition temperature of the re-
sulting copolymers to approach the value of poly(1-
octene). The decrease of the number average molecular
mass with an increase of the 1-octene content in the
monomer feed as well as in the poly(ethene-co-1-octene)
copolymer is shown in Figure 3.

Analysis of the triad distribution, measured by means
of 13C-NMR spectroscopy, and summarized in Table 5,
clearly confirms that copolymerization of ethene with
1-octene follows first-order Markov statistics. Addi-
tional evidence for the validity of first-order Markov
statistics represents the result that r parameters,
calculated from the diad distribution, are independent
of monomer concentration.

To investigate the reasons concerning the effect of
benzannelation on ethene copolymerization, force field
calculations (Biosym Software: forcefield Discover) were
applied to calculate the difference of activation energy
for inserting ethene or 1l-octene, respectively. The
transition state of this insertion reaction, involving
cationic zirconcene intermediate, is displayed in Figure
1. The calculation procedure is discribed in the Experi-
mental Section.

The calculated energy values of the ground and
transition states cannot be used for discussing experi-
mental data, because force field calculations do not
include electronic effects. But energy differences be-
tween similar molecules show the differences in steric
hindrance. Table 6 summarizes the results of the force
field calculations and calculated energy differences. The
calculated activation energies show that an insertion
of 1-octene has more steric hindrance compared with
an insertion of ethene (Ea(Mo, E-Pol) > E4(Mg, E-Pol)
and Ea(Mo, O-Pol) > E5(Mg, O-Pol)). Thus, insertion of
an ethene monomer is preferred compared with inser-
tion of a 1-octene monomer. The differences of these
activation energies (Ea(Mo E-Pol) — Ea(Mg, E-Pol) and
Ea(Mo, O-Pol) — E5(Mg, O-Pol)) are lower in the case of
the benzannelated metallocenes (Bl and MBI) compared
with the corresponding metallocenes without benzan-
nelation (I and MI). Therefore, benzannelated metal-
locenes have a higher tendency to incorporate 1-octene.
This result confirms the experimental data of 1-octene
incorporation and r parameters (see Table 3). Moreover,
comparisons of differences of activation energies with
the same coordinated monomer but different last in-
serted monomer units in the polymer chain (Ea(Mg,
O-Pol) — E4(Mg, E-Pol) and E;(Mo, O-Pol) — E4(Mo,
E-Pol)) also show lower values in the case of the
benzannelated metallocenes (Bl and MBI) compared
with the corresponding metallocenes without benzan-
nelation (I and MI). In the case of the benzannelated
metallocenes, the last inserted monomer unit in the
polymer chain has a weaker impact on the insertion of
the next monomer unit. Benzannelated metallocenes
show a more random distribution of the monomers in

Macromolecules, Vol. 30, No. 11, 1997

the polymer chain (rero ~ 1) compared with the met-
allocenes without benzannelation (rero ~ 0.3), which
results from the different activation energies as calcu-
lated above.

Conclusion

Stereoselectivity and comonomer incorporation of
metallocene-catalyzed polymerization are dependent on
metallocene type and structure, especially the indenyl
ligand substitution pattern. In the Me,Si(Ind),ZrCl,
family, benzannelation substantially improves comono-
mer incorporation and randomness of comonomer in-
corporation, whereas 2-methyl substitution promotes a
high degree of polymerization. 2-Methyl substitution
appears to prevent chain transfer to monomer, which
would result fom pg-hydride transfer from the last
monomeric unit of the polymer chain to the mono-
mer.1011 Although mechanistic aspects of benzannela-
tion are not very well understood, relative activation
energies for ethene and 1-octene insertion, which result
from forcefield calculations, and the experimental data
show that benzannelation enhances incorporation of
higher 1-olefins with respect to ethene.
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