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Summary: Combined systems including diphenylzinc, PhyZn, a metallocene, and
methylaluminoxane, MAO, have been employed to initiate styrene polymerization
and the copolymerization of styrene with p-alkylsubstituted styrenes and o-
olefins. Both polymerization and copolymerization processes depend on the
nature of the metallocene included in the initiator system, the presence of Ph,Zn,
the temperature, and the solvent used. S/1-alkene copolymers were obtained when
the initiator systems included a =zirconocene, but not when a titanocene
participated.
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Introduction

In 1986 Ishiharal'?! and at about the same time Pellecchia et al.™*

reported the synthesis of
syndiotactic polystyrene, s-PS, which has a fast rate of crystallization, a Tm of 270°C, and
high resistance to organic solvents. Since then many papers have been published regarding s-
PS synthesis, using methylaluminoxane-based catalysts including a metallocene.”'® The
focus has been centered on the improvements of syndioselectivity and catalytic activity with
structural modifications of the catalyst.”'” Zambelli et all'" have studied styrene
polymerization and postulated that Ti** is responsible for syndiotacticity when styrene is

polymerized using titanocene/MAQ initiator systems.

[5,12] [13,14]

Copolymerization of styrene with substituted styrenes and of styrene with 1-alkene
have also been extensively studied. Oliva et al 1! working with Et(Ind),ZrCl,/MAO systems
reported that an almost alternating stereoregular copolymer can be obtained.

We have been working on both homo- and copolymerization of g, 6241 using combined

diphenylzinc-additive initiator systems including Ph,Zn, a metallocene and MAO. We have
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investigated the binary and ternary combinations and concluded that these systems are
effective initiators for the homo- and copolymerization of styrene. The effectiveness
depends on the metallocene, the comonomer, the temperature and the styrene/comonomer
molar ratio in the initial feed.

This paper reports the results obtained for the homopolymerization of styrene and
substituted styrenes, and the copolymerization of styrene with substituted styrenes and of

styrene with 1-alkenes.

Results and Discussion

In our work on homo- and copolymerization of styrene using combined diphenylzinc,
PhyZn, additive systems, various binary and ternary combinations were used, including
PhyZn, a metallocene -either a titanocene or a zirconocene- and methylaluminoxane,
MAO. Table 1 shows some of our results when using Ph,Zn-metallocene-MAO ternary
initiator systems. The results show that both titanocenes and zirconocenes induce styrene
polymerization. Titanocenes led to highly syndiotactic polystyrene, s-PS, while the use of
a zirconocene resulted mainly in atactic polystyrene, a-PS. Anyhow, from the polystyrene
obtained using a zirconocene it was possible in most cases to extract a certain content of a
boiling-butanone-insoluble fraction, which was found to be s-PS according to its NMR-
spectra. DSC analysis of insoluble PS confirms the syndiotactic assessment for the
boiling-butanone-insoluble PS.

From the results in Table 1 it is clear that the system including CpTiCl; was the most

active initiator for styrene polymerization, with 45.70 % conversion in only 6 hours

Table 1. Polymerization of styrene using various initiator systems in toluene after 48 hours
at 60°C.Y

Initiator System Polymer |n|°) M, Tg Tm(l) Tm(2 Insol
Convn.” dl/g *I 0% °C °C ) Fractn®
Ph»Zn 0.53 2.13 7.25 1089 ns. ns. n.d.
Phy,Zn-MAO 8.60 0.21 031 992 ns. ns. nd
PhZn-CprZrCl,-MAO 1.04 0.17 023 nd. -—-- - nd
PhyZn-Ind>ZrC1,-MAO 8.30 019 037 1029 ns. ns. 156
PhyZn-(Hs-Ind),ZrCl,-MAO 2,06 009 009 nd = - - nd.
PhyZn-(Bu'Cp),ZrCl,-MAO 2.68 014 017 nd = -—- - n.d.
Ph,Zn-Pr'(Flu}(Cp)ZrCl- 8.46 010 011 nd = = e n.d.

PhyZn-Et(Ind),ZrCl,-MAO 3.29 012 015 nd = -—- .. 13.8
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Table 1. continued Polymerization of styrene using various initiator systems in toluene
after 48 hours at 60°C.”

PhyZn-Cp,TiCl,-MAO 9.44 028* - 890 2414 2566 583
PhyZn-(n-BuCp), TiCl>- 7.11 0.20* - 974 2494 2660 91.7
Ph,Zn-CpTiCl;i-MAQ (64570 023* ---- 1011 259.0 263.0 99.8

7 Polymerization conditions: Total volume = 60 mL, [S] = 2.1 mol/L, [MAO] = 0.33 moVL, [Ph,Zn] =
[Metallocene] = 2.0E-04 mol/L.

 Based on initial styrene.

9 Measured in chloroform at 25 °C, * Measured in o-dichlorobenzene at 135 °C.

9 Boiling-butanone-insoluble PS

n.s. = no signal; n.d. = not determined

of polymerization. Furthermore, it was also the one that produced almost pure s-PS, 99.8%
of the boiling-butanone-insoluble fraction. The binary CpTiCl;-MAO system was also a
very effective initiator for styrene polymerization: 30.4% conversion after 6 hours of
polymerization, and 99.8% of the boiling-butanone-insoluble fraction.

Various para-substituted styrenes have been polymerized by CpTiCl;-MAO and Ph,Zn-
CpTiCl5-MAO initiator systems. As seen in Figure 1, conversion to polymer increases
with the +I effect of the substituent, pointing to the higher electron availability of the n-
electrons at the C=C double bond of the monomers, which facilitates coordination of the
monomer to the initiator active species and the subsequent insertion in the growing
polymer chain. On the other hand, the inclusion of PhyZn in the initiator system led to
increased conversion when compared with the CpTiCl;-MAO binary system. p-

Methoxystyrene behaves differently, since there was no such increase in conversion
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Figure 1. Homopolymerization of styrene and of p-substituted styrene in toluene after 6
hours at 60 °C using CpTiCl;-MAO (M) and Ph,Zn-CpTiCl;-MAO () initiator
systems.
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when the system included Ph;Zn. We think this may be due to an early coordination between
the oxygen atom of MeOS and the zinc atom of diphenylzinc. It is known that Ph,Zn has the
capacity to form dietherates.*! Ph,Zn could be trapped by p-MeOS and consequently, and

under these circumstances, should have a very low effect or none at all on the initiator system.

Table 2. Homopolymerization of styrene and some substituted styrenes in toluene after
6 hours at 60 °C using the PhyZn-CpTiCl;-MAO initiator system.?

Monomer Monomer Amount  Polymer Yield Relative
mol g Reactivities
S 0.0862 3.62 1.0
p-MeS 0.,0607 4,16 1.6
p-Bu'S 0.0841 12.69 3,6
p-MeQS 0,0196 1.99 2.4
p-CIS” 0,0250 0.15 0.14

2 Polymerization. Conditions: [monomer] = 2.0 mol/L, MAO] = 0.33 mol/L,
[PhyZn] = [CpTiCls] = 2.0E-04 mol/L.
® The reactivities are referred to that of S arbitrarily defined as equal to 1.

Table 2, reports the results of a series of homopolymerizations of para substituted styrene

monomers compared with styrene homopolymerization. Substituted styrenes including
electron-donor substituents largely improved the efficiency of the polymerization process
regarding styrene polymerization. For  p-chlorostyrene polymerization a very low
conversionwas achieved, in agreement with electron-withdrawing character of chlorine. On
the other hand, lower conversions to polymer were obtained when a zirconocene such as
Ind,ZrCly, or Et(Ind),ZrCl, was used instead of CpTiCl;. Yet for these zirconocenes the
pattern of substituent inductive effect is maintained, with conversion increasing in the order S

< p-MeS < p-Bu'S.
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Table 3. Copolymerization of styrene/p-methylstyrene by Ph;Zn-Metallocene-MAO
initiator systems in toluene after 6 hours at 60 °C.?

Initial CpTiCl; IndTiCls IndZrCl, Et(Ind),ZrCl,
S/p-MeS | Yield Act® Tg | Yield Act® Tg |Yield Act? Tg | Yield Act®? Tg
Mol/mol g °C G °C g °C g °C
95/5 | 2.10 1361 951 | 0.13 902 988 | 026 1702 106.7| 0.19 121.7 1007
75/25 | 240 1578 985 | 0.17 1104 101.5| 028 180.6 111.0| 023 150.6 107.0
50/50 | 235 1521 1009 | 0.18 1228 1054 | 033 2172 1141 038 2502 1095
25/75 | 336 2220 103.9| 029 1937 107.6 | 0.50 321.7 1173} 040 262.1 112.8
114.8

)5/95 359 2355 1026 057 3845 1074| np. -----  --—- 0.44 286.1
B S] =

Polymerization conditions: Total volume = 25 mL; [S] + [p-Me 2.0 mol/L; [MAO] = 0.33 mol/L,
[Ph,Zn] = [Metallocene] = 2.0E-04 mol/L

® Activity = Kg Copolymer/[mol met*(mol S + mol p-MeS)*h]

n.p. = not performed.
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Figure 2. DSC thermograms of copolymers S/p-MeS obtained using PhZn-CpTiCl;-MAO
initiator system, in toluene after 6 hours at 60°C. For various S/p-MeS mol/mol ratios in
the initial feed.

Styrene polymerization initiated by PhyZn-metallocene-MAO systems, with Cp,TiCly, (n-
BuCp),TiCl,, and Ind,ZrCl, as metallocenes, is greatly affected by the polarity of the
reaction medium, and there is a noticeable increase in conversion to polymer when
the solvent is changed from toluene to dichlorobenzene, in agreement with an ionic
pathway for polymer propagation.m]

Studies have been made of styrene/p-substituted styrene (Table 3) and styrene/ct-olefin

copolymerization."*?Y PhyZn-titanocene-MAOQ initiator systems produced truly S/p-




86

substituted styrene copolymers, with conversion to polymer increasing as the proportion
of p- alkylstyrene increases in the initial feed.2%2%1  Both CpTiCl3-MAO and PhyZn-
CpTiCls- MAO initiator systems did not produce any S/o-olefin copolymer but only s-
PS.20224 Op the other hand, PhyZn-zirconocene-MAOQO initiator systems were able to
copolymerize S/a-olefin, with conversion depending largely on the zirconocene and on
the a-olefin. >4

Figure 2 includes the DSC thermograms of a series of S/p-MeS copolymers obtained
using the PhyZn-CpTiCl3-MAQ initiator system, showing a crystalline melting signal for
runs of S-only and for S/p-MeS = 95/5. The Tm of S/p-MeS = 95/5 copolymer is 38 °C
lower than that of s-PS. A similar situation was recently pointed out by Schwecke and
Kaminsky for copolymerization of S/alkylstyrenes initiated by the CpTiF3/MAQ system.!”)
They point out the situation of having a polymer with the characteristic of s-PS and at the
same time a material easier to process than s-PS.

Experiments for S/p-MeS and for S/p-Bu'S copolymerization using both CpTiCl;-MAO
and PhyZn-CpTiCl3-MAO and various solvents from toluene to dichlorobenzene, as was
the case for homopolymerization, showed a significant increase in conversion as the
polarity of the reaction medium increased. !

Binary and ternary combined systems including Ph,Zn, a zirconocene, Ind,ZrCl, or
Et(Ind),ZrCly, and MAO, were used to copolymerize syrene with a-olefins, including 1-
hexene, 1-octene, 1-decene, 1-dodecene, 1-hexadecene and 1-octadecene. Conversion to
copolymer depends largely on the zirconocene included in the initiator system and on the
o~ olefin. Table 4 shows the results obtained when using Ph,Zn-Et(Ind),ZrCl,-MAO
initiator system in S/l-alkene = 75/25 for the copolymerization with the a-olefins 1-
decene, 1-hexadecene and 1-octadecene.

The 'H-NMR of products obtained for S/1-decene, S/1-hexadecene and S/1-octadecene
copolymerization using PhyZn-Et(Ind),ZrCl,-MAO initiator systems as shown in
Table 4 showed the signals corresponding to both styrene and 1-alkene. In all cases the
typical signal at ca. 0.9 ppm is present, showing the presence of the terminal -CHj3 groups

of each 1-alkene.



87

Table 4. Styrene/a-olefin copolymerization initiated by PhyZn-Et(Ind),ZrC1,-MAO

in toluene after 6 hours at 60 °C.?

o-olefin Yield Relative Tg Tm

g Reactivity” °C °C

1-decene 0.060 2.05 81.8 n.s.
1-hexadecene 0.170 1.97 81.2 n.s.
1-octadecene 0.168 2.87 81.8 n.s.

)" Polymerization conditions: Total volume =25 mL; [S] + [p-MeS] = 2.0
mol/L; [MAO] = 0.33 mol/L, [Ph,Zn] = [Et(Ind),ZrCl,] = 2.0E-04 mol/L

P The reactivities are referred to that of S arbitrary defined as equal to 1. n.s. = no signal.

From present and previous results we can conclude that combined systems including
diphenylzinc, a metallocene and methylaluminoxane are capable of inducing the
polymerization of styrene and p-substituted styrenes. Diphenylzinc contributes to the
improvment of the efficiency of the initiator systems, increasing both the activity of the
initiator system and the stereoregularity of the PS produced. In the polymerization of p-
substituted styrenes, conversion depends largely on the inductive effect of the substituent
group. Electron donor groups improved conversion, while electron withdrawing groups
decrease conversion as compared to styrene polymerization. Furthermore, increased
polarity of the reaction medium increases conversion to the polymer.

In S/p-substituted styrene and of S/a-olefin copolymerization, PhyZn-metallocene-MAO
initiator systems behave differently. Those including a titanocene were effective initiators
of S/p-substituted styrene copolymerization, while those including a zirconocene were

able to induce S/a-olefin copolymerization.
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