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Summary

The copolymerization of styrene with 1-alkene (1-hexene, 1-decene and 1l-hexadecene)
has been tested using combined diphenylzinc-additive initiator systems, including
diphenylzinc (PlZn), a metallocene and methylaluminoxane (MAO). The metallocene
were  biscyclopentadienyltitanium  dichloride,  bis(n-butylcyclopentadienyl)titanium
dichloride, cyclopentadienyltitanium trichloride and bisindenylzirconium dichloride. For
PhZn-metallocene-MAO systems, titanocenes gave mainly syndiotactic homo
polystyrene irrespective of the styrene/l-alkene proportion in the initial feed. Systems
including IndZrCl, were able to copolymerize styrene 1-alkene with the copolymers
incorporating alkene in a lower proportion than the present in the initial feed.
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Introduction

Styrene copolymerization with-olefins or with substituted styrenes has occupied the
attention of several authors due their important role from both the academic and
technological standpoints, with the aim of elucidating stereoregular styrene
polymerization, and on the other hand, of producing new materials with improved
properties with regards to atactic polystyrene (a-PS). Great interest has been placed in the
synthesis of well defined copolymers which are expected to have a unique mechanical
performance.

In our group we have polymerized styrene using initiator systems including
diphenylzinc a metallocene and methylaluminoxane. Our studies include terndry Ph
metallocene-MAO systems and binary metallocene-MAO systems. Syndiotactic
polystyrene (s-PS) was obtained almost pure when using a titanocefieClCp(n-
BuCp)TiCl, or CpTiCl, while mainly atactic polystyrene was obtained with
zirconocene. Anyhow, the PS obtained with the zirconocenes always included a low
content, less than 20%, of a stereoregular fraction, s-PS (1-5).
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Most of the work on the copolymerization of styrene witkolefins refers to the
styrene-ethylene couple, where the incorporation of ethylene units will be a sort of spacer
between styrene units as one or more ethylene units are incorporate in the S polymer
chains. The products of such copolymerization depend largely on the initiator system
and on the polymerization conditions employed. Longo et al. (6) concluded that
CpTiCI/MAO initiator systems with a high Al/Ti mole ratio produce copolymers of
ethylene and s-PS, but Zr-based catalysts do not promote copolymerization at all. Later it
was reported (8) that CpTigMAO produces a nonstereospecific E-S copolymer, while
Et(Ind),ZrCl/MAO was a stereospecific catalyst for E-S copolymerization (7).

Altonen and Seppala pointed out that in S-E copolymerization using GHAD
systems no copolymer was produced, but rather a mixture of PS and PE (8). They
obtained similar results with a trichloro(2,6-di-tert-butylphenoxy)titanium/MAO
system which resulted active in E polymerization and also produces atactic PS, but was
not able to form an ethylene-styrene copolymer (9).

Oliva et al.,, working with Et(Ind¥rCI/MAO systems, reported that an almost
alternating stereoregular copolymer can be obtained by its use in E-S copolymerization
at —25°C. The authors considered that the unusual behavior of the two comonomers
toward copolymerization, is relate to a penultimated unit effect through back biting of
the aromatic ring of the next-to-last unit on the catalytic metal (10).

Other combinations of MAO with metallocenes: i-Pr(Flu)(Cp)ZrCl(11)
CpTi(OPh), (12) CpTi(OBz) (13) have been reported to be able to induce E-S
copolymerization.

We have already published results of styrene copolymerization between S and p-
tert-butylstyrene and exploratory results on S/1-hexadecene copolymerization (14, 15).

The present communication relates results of styveakfin (1-hexene, 1-decene
and 1-hexadecene) copolymerization by ZRkhmetallocene-MAO systems including
metallocenes: IndrCl,, CpTiCl,, (n-BuCp)TiCl, and CpTiCl.

Experimental

Copolymerizations were carried out in an argon atmosphere in a I08ctihenk tube
equipped with a magnetic stirrer. Solvent toluene (ca., 20, dAO solution, PkZn,
and metallocene toluene-solution, were sequentially charged by syringe under argon
pressure. Polymerization was initiated by injecting simultaneously the required amount of
styrene and the second comonomer. The reactions were kepCaus@er stirring for the
required length of time. Polymerization was terminated by adding a mixture of
hydrochloric acid and methanol. The polymers, coagulated in the acidified methanol,
were recovered by filtration after washing several times with methanol, and dried in
vacuum at 6€C.

Viscosities were measured either in chloroform or in o-dichlorobenzene depending on
the solubility of the polymer and intrinsic viscosities were determined by the one-point
method (16). For a-PS, viscosity measurements were carried out in chloroforrfiCat 25
and viscosity-average molecular weights,, Mere calculated according to the equation,

[n] = 1.12x10° M,*” (17), which is reported to be valid for the 7-150%1bdolecular
weight range of PS. For s-PS, viscosities were measured in o-dichlorobenzeri€ at 135

DSC analyses were performed on a Rheometric Scientific DSC apparatus with
samples placed in a nitrogen atmosphere. The samples, 3-4 mg, were heated at a rate
of 10°C/min, and after cooling to room temperature were reheated at the same rate.
The reported Tg and Tm were those obtained in the second scan.

NMR spectra were recorded on a Bruker AMX-300 spectrometer °&, #perating
at 300.1 MHz for'H and 75.5 MHz for”C. The polymers and copolymers were



429

dissolved in deuterated benzeneC 5% wi/v). A total of 64 and 4000 scans with 16K and
32K data points and with a relaxation delay of 1 and 2 seconds were collected
for *H and “C respectively. Chemical shifts were calibrated to tetramethylsilane
(TMS) used as internal reference.

The NMR spectra of samples soluble at room temperature were recorded on a
Bruker Avance DRX-300 spectrometer operating at 300.13 MHz. Polymers were
dissolved in deuterated chloroform and the chemical shifts calibrated to
tetramethylsilane (TMS) used as internal reference.

Results and discussion

The copolymerization of styrene with 1-alkene (1-hexene, 1-decene, and 1-
hexadecene) has been attempted withZi®metallocene-MAO systems and also with
metallocene-MAO systems. The metallocenes employed wereZr@lg CpTiCl,,
(n-BuCp)TiCl,, and CpTiCl.

In our work of styrene homopolymerization using,Zthmetallocene-MAO initiator
systems we have established that titanocene produces almost pure syndiotactic
polystyrene while zirconocene produces mainly atactic PS with some s-PS content (2-

Table 1 : Styrene/l-hexene copolymerization initiated by PhaZn-Metallocene-MAOQ
systems in toluene after 48 hours at 60°C."

DSC Analysis™ Insoluble
Initial Feed | Polymer Tg Tm v @ | Fraction®
S, mol % E °C (1) *C | () *=C DL/g Yo
CpaTiCly
Only § 0.29 91.3 2461 2598 0.17* nd.
o0 0.22 G644 240.6 253.3 0.09* n.d
1] 011 87.5 238.4 252.6 0.11% n.d.
il 0.14 0.9 240.2 254 3 0.06* nd.
50 0.06 98 8 242 8 256.4 n.d n.d.
Only 1-CsHis 0.00 e — e i B
(n-BuCp) TiCl
Only S 0.43 022 2467 260.8 0.21* B2.0
90 0.30 91.7 2531 266.7 nd. 82.0
80 0.17 876 2477 266.7 0.19% nd.
66 0.12 90.3 2478 2613 nd. nd.
50 0.05 921 251.1 2064.6 n.d. n.d.
Only 1-CgHyz 0.00 ammam ———— -—-- et B
Ind:ZrCly
Only 8§ 0.74 109.7 n.s. n.s 0.37 n.d.
90 0.60 ns. n.s. .5 0.36 n.d.
B0 0.40 106.0 n.s. Mn.s. n.d. 43
66 0.41 99 0 ns n.s. nd. 6.0
50 022 ns n.s. ns. 0.36 nd.
Only 1-CgH,2 0.00 ———— e e e e

" Polymerization conditions: Total volume=60 mL, [S]+1-CeHiz]=2. 1 mol/L,
[Al]=0.33 mol/L, [PhaZn]=[Met]=2.0E-04 mol/L

" Second heating, crude polymer.

“ Measured in chloroforn at 25°C. * Measured in o-dichlorobenzene at 135°C.

“ Boiling butanone insoluble polymer.

nd. = not determined; n.s. = no signal
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4). However, we have not yet established the exact role @hPkVe have postulated
that Phzn favors the formation of Tispecies by reduction of Tispecies (14, 15). It is
known that complexes of Tiare the active species responsible for stereoregular
polymerization of styrene, and more precisely for syndiotactic polystyrene (18).
Conversely, the largest amounts of polymer for styrene polymerization were obtained
when PkZn was included as can be noted from the results in Tables 2 and 3, when using
initiator systems with and without Bm. The results also indicate that the polymer
obtained is practically pure s-PS.

Polymerization were carried out in toluene at°®0during 48 hours, except for
metallocene CpTiCl with which only a 6 hours polymerization was performed.
The experimental results are summarized in Tables 1 through 3.

Table 2 :  Styrene/1-decene copolymerization initiated by PhyZn, Metallocene, MAO
combined systems, in toluene after 48 hours at 60°C."

DSC Analysis” Insoluble
Initial Feed Polymer Tg Tm |y ® | Fraction®
S, mol % £ °C (1 °C | {2} °C DL/g %a
CpTiCh-MAO"
Only § 2.62 93,5 250.6 255.0 0.25* 992
o5 0.72 109.5 249.6 264.2 0.24* 95.2
75 .38 1009 2452 261.1 n.d. n.d.
50 0.29 96.9 2433 261.0 0.25* nd.
Only 1-CyoHzo 0.00 —— e — L A
PhaZa-CpTiCls-
MAOY
Only 5 386 103.3 2500 263.0 0.23% o0 8
o5 0.78 1029 2427 263.0 0.22* 04.9
75 .85 106.2 2452 261.7 0.25* 06,5
50 0,35 Q97 2169 257.3 0.19% n.d.
Only 1-CioHao 0.00 . ——— — _— —enmn
Ind:ZrCl:-MAOD
OnlyS8 | === - wemess — ———
95 0.16 107.5 n.s. fn.s. n.d. n.d.
75 0.11 1095 n.s. ns. n.d. n.d.
50 0.04 109.6 1n.§. n.s. n.d. n.d.
Only 1-CjoHap 0.00 e — ——- —ee- —————
Phafn-
Ind:ZrCl:--MAO
Omnly § 0.74 109.7 n.s. n.s. 0.37 n.d.
95 0.05 114.8 . 5. n.s. nd n.d.
75 0.04 105.6 ns ns. n.d. n.d.
50 0.02 1129 n.s n.s. n.d. nd.
Only 1-CiHag 0.00 — | - AL St

"'Pﬂlymﬂizanun conditions: Total volume=60 mL, [S]H 1-CiasHz0]=2.1 mol/L,
[Al]=0.33 mol/L, [Ph;Zn)={Met]=2.0E-04 mol/L
" Only 6 hours polymerization.
“J'Sa:annd heating, crude polymer.
" Measured in chloroforn at 25°C. * Measured in o-dichlorobenzene at 135°C.
*} Boiling butanone insoluble polymer.
n.d. = not determined; n.s. = no signal



Table 1 shows the results obtained for S/1-hexene copolymerization usjAg- Ph
metallocene-MAO systems for various S/1-hexene molar ratios in the initial feed. Runs
including only one of the monomers were carried out to compare them with the
copolymerizations. For homopolymerization with 1-alkene no polymer was obtained,
but an oily fraction was separated as the polymerization product. According to H-
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Table 3: Styrene/l1-hexadecene copolymerization initiated by Ph;Zn, Metallocene,
MAO combined systems in toluene after 48 hours at 60°C.”

DSC Analysis® Insoluble
Initial Feed Polymer Tg Tm In® | Fraction
S, mole % g °C 1)y °Cj1@ °C dL/g %
CpTiCl,-MAO"
Only S 2.63 935 250.8 255.0 0.25* 992
95 0.86 87.5 246.4 2535 0.25* 85.9
60 1.10 63.1 2355 2355 0.13* 88.8
50 1.65 70.8 238.1 238.1 0.10* 81.9
25 2.20 ns 236.9 2369 0.03* 953
Only 1-C;6H3; 0.00 —— —— | - e
Ph;Zn-CpTiCl-
MAOY
Only S 3.86 103.3 259.0 263.0 0.23* 99.8
95 1.07 20.9 250.9 257.2 0.20* 99.5
(510 N IR IV I — SPREE —
50 0.69 98.0 256.0 260.4 0.21* 96.8
72 S — m———— e T
Only 1-Cy6Hj2 0.00 ——— —— — ] e ——
Ph,Zn-
(n-BuCp) TiCl,-
MAO
Only S 0.43 86.0 235.7 2493 0.08%* 44.0
95 N — —— — | - —
60 0.56 n.s 2412 2520 0.04* 79.5
50 1.70 n.s 239.5 251.0 0.03* 92.6
25 1.66 ns n.s n.s. n.d. 98.9
Only 1-C15H32 000 | - ]| eme- cmwem ] memem | emee—
Ph;Zn-
Ind,ZrC1,-MAO
Only S 0.74 109.7 ns. n.s 0.37 nd.
95 — - SR e T
60 0.47 100.6 n.s. n.s. 0.64 nd.
50 0.49 nd. nd. nd. nd. nd.
25 0.64 nd. n.d. n.d. n.d. n.d.
Only 1-C15H32 000 | - | e ———— ———— ] m—e——

 Polymerization conditions: Total volume=60 mL, [S]+[1-C1sH32]=2.1 mol/L,

[Al]=0.33 moVl/L, [PhsZn]=[Met]=2.0E-04 mol/L

® Only 6 hours polymerization.
9 Second heating, crude polymer.
9 Measured in chloroforn at 25°C. * Measured in o-dichlorobenzene at 135°C.

*) Boiling butanone insoluble polymer.

n.d. = not determined,;

n.s. = no signal
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Figure 1. 'H-NMR in CDCl; at 25°C of  Figure 2. 'H-NMR in CsDs at 70°C of
8/1-CigHy and §/1-CygHaz copolymers  §/1-CygHag and 5/1-C gHy, polymerization
obtained wusing PhaZn-Ind;ZrCl;-MAO  products obtained using PhaZn-CpTiCls-
system. MAQ system.

[ !I: | &5

NMR analysis, it turned to be the corresponding monomer. From results in Table 1, it
can be seen that the larger amounts of polymer are obtained when using the
metallocene In@rCl,.

On the other hand, the polymer produced when using a titanocen&jCICp
or (n-BuCp)TiCl,, showed a crystalline melting temperature, Tm, in the range of
syndiotactic polystyrene. No Tm was detected for polymer obtained when using
Ind,ZrCl,.

Table 2, shows the results obtained for S/1-decene copolymerization usidg- Ph
metallocene-MAO systems, this time using metallocenesZi6 and CpTiCl.
The same as in the case of 1-hexene withZh@l, the polymer obtained did not
show any Tm signal, indicating the absence of a stereoregular polymer, while DSC
analysis of the polymers obtained using,ZPRCpTiCL-MAO and CpTiC|-MAO
systems showed Tm(s) in the s-PS range, independently of Sil-@olar ratio
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employed in the initial feed. These results confirmed the ability of such systems for
producing stereoregular polymers. Furthermore the conversion achieved for
homopolymerization was almost four to five times greater than that obtained when
there was a small percentage (ca. 5%), ofakmefin present. Another result to point
out is that titanocenes produced a large amount of polymer insoluble in boiling-
butanone.

The results for S/1-hexadecene copolymerization usingZnRhetallocene-MAO
systems for metallocenes: CpTjCIl(n-BuCp)TiCl, and IndZrCl,, are presented in
Table 3. As was the case with the other 1l-alkenes, the CppiGtluced the larger
amount of polymer, increased when ,Bh was also included, and a very high
percentage of boiling-butanone insoluble polymer, pointing to the stereoregularity of
the product. For zirconocene, lAdCl,, again polymerization occurred but not sign of
crystalline melting temperature was detected.

(2)

Figure 3. “C-NMR of
l S/CioHzo polymerization

products obtained using:
(a) PhaZn-CpTiC5-MAO
and (b) CpTiCl3-MAO ini-
tiator system. Initial Feed:
S/1-CioHzo = 75/25.

(b)

_J i J { L__J—_“.“

T T T T T T T T T T T
140 120

T
100 80 60 40 ppm

The polymerization products obtained using ,ZPhmetallocene-MAO initiator
systems including metallocenes CpTi@nd IngzrCl, were analyzed byH-NMR and
“C-NMR spectroscopy. Figure 1, shows tHe8-NMR spectra of products obtained
using PlZn-IndZrCl-MAO to polymerize the S/1-gH,, mixture and the S/1-(H,,
mixture. The resulting spectra show similar patterns and indicate the presence of both,
the units resulting from styrene and from the 1-alkene incorporation. The DSC
thermograms show only one Tg signal indicating the presence of a single product,
allowing us to conclude that they are true S/1-alkene copolymers. Furthermore, the H-
NMR spectra (Fig. 1) do not show any signal in the H-vinyl region indicating the
absence of any non-polymerized remaining alkene. Together with that, and taking into
account the signal at ca& 0.9 ppm, corresponding to Groups, we concluded that
these products are respectively copolymers of SH;Cand S/1-GH., Copolymer
compositions were calculated by integration of theNMR signals corresponding to
CH, CH, and CH, protons. Table 4, shows the copolymer compositions.

For polymerization products of S/l-alkene initiated by ,ZRHitanocene-MAO
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Table 4. Copolymer composition calculated from 'H-NMR data (Figure 1).

Initial Feed Crude Copolymer
Copolymer S/1-alkene S units 1-alkene units
mol/mol % mol % mol
S/1-C19Hao 95/5 95.5 4.5
S/1-C1oHzo 75/25 93.7 6.3
S/1-Ci6Hs2 75/25 89.1 10.9

systems neither théH-NMR (Fig. 2) nor the®C-NMR (Fig. 3) spectra showed a
copolymer nature but only signals corresponding to s-PS. Figure 2, showsi-the
NMR spectra of the products obtained usingZRKCpTiClL-MAO to polymerize the
S/1-GH,, mixture and the S/1-@H., mixture. Figure 3, shows thEC-NMR spectra
of the products obtained.

We can conclude that PIm-metallocene-MAO performs differently as compared to
styrene/l-alkene copolymerization. Titanocenes produce almost pure s-PS, while
Ind,ZrCl, gave copolymers whose composition which is enriched in styrene with
respect to composition of the mixture in the feed.

Further work is under development from which conclusive results are expected.
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