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Summary

The polymerizat ion of  styrene using the combined system
diphenylzinc-bis(n-buty lcyclopentadienyl) t i tanium dichlor ide-
methylaluminoxane, Ph2Zn- (n-BuCp)2TiCl 2-MAO, in to luene at
60°C, produced highly syndiotact ic polystyrene, conf irming
that Ph2Zn-t i tanocene-MAO are good in i t iator systems for the
stereoregular polymerizat ion of  styrene. The syndiotact ic i ty
of  PS was establ ished by i ts insolubi l i ty  in chloroform,
benzene or to luene, and af ter cont inuous extract ion in boi l ing
butanone. DSC analysis showed endotherm signals corresponding
to the melt ing temperature, Tm,  of  syndiotact ic polystyrene.

Introduct ion

In previous papers we have informed about the
polymerizat ion of  styrene, S, using combined diphenylz inc-
addit ive systems, Ph2Zn-Add. Addit ives such as water,
butanone, z inc chlor ide or copper chlor ide produced
polystyrene, PS, of  h igh molecular weight.  Conversion to the
polymer is cr i t ical ly  inf luenced by the molar rat io
addit ive/Ph2Zn. With some Ph2Zn-Add systems a f ract ion of
stereoregular PS was also obtained (1).  Furthermore, depending
on the in i t iator  system employed, more than one act ive species
for S polymerizat ion was detected.

a ) Part ly  presented at 4t h Brazi l ian Polymer Conferen-
ce, Salvador,  Brasi l ,  September 28 -  October 2,  1997.

b ) Departamento de Ingeniería Química, Facul tad Ciencias
Físicas y Matemáticas, Universidad de Chi le,  Casi l la 2777,
Sant iago, Chi le.
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Several combinat ions of  Ph2Zn-metal locene-MAO (2-4) have
proved to be ef fect ive in i t iator  systems for  S polymerizat ion.
Var iable amounts of  boi l ing butanone-insoluble polymer were
separated f rom the crude polystyrene obtained. 1 3C-NMR analysis
as wel l  as the thermal behavior of  such fract ions,  together
with their  insolubi l i ty  in benzene, to luene, chloroform, and
other solvents,  conf irmed the syndiotact ic nature of  such
polystyrene.

The present paper shows further results for  styrene
polymerizat ion in i t iated by Ph2Zn-metal locene-MAO systems,
th is t ime using (n-BuCp)2TiCl 2.

Experimental

Polymerizat ions were carr ied out in an argon atmosphere in
a 100 cm3 Schlenk tube equipped with a magnetic st i r rer .
Solvent to luene (ca.,  35 cm3),  Ph2Zn solut ion, and addit ive(s)
were charged by syr inge under argon pressure.  Polymerizat ion
was in i t iated by in ject ing the required amount of  styrene. The
react ions were kept with st i r r ing at 60 °C.

Polymerizat ion was terminated by adding a mixture of
hydrochlor ic acid and methanol.  The polymers,  coagulated in
acidi f ied methanol,  were recovered by f i l t rat ion af ter  washing
several t imes with methanol,  and were dr ied in vacuum at 60°C.
The polystyrene samples were f ract ionated by exhaust ive
extract ion with boi l ing butanone.

Intr insic v iscosit ies, [ηηηη ] ,  of  the amorphous polymer and of
the butanone-soluble f ract ion,  were measured at 25 °C in
chloroform. Viscosity-average molecular weights,  Mv,  were
calculated according to equat ion (5):

[ ηηηη ]  = 1.12x10- 4 M v

0 . 7 3

val id for  the molecular weight range 7-150x104.
For the butanone- insoluble polymer,  intr insic v iscosity was

measured in 1,2-dichlorobenzene at 135°C.

Results and discussion

The polymerizat ion of  styrene using combined Ph2Zn-
metal locene systems with or without MAO led to conversion into
polymer which cr i t ical ly  depends on the metal locene employed
and on the molar rat io metal locene/Ph2Zn. Zirconocenes
produced mainly amorphous PS containing a smal l  amount,  less
than 15%, of  stereoreqular polymer,  whi le the absence of  MAO
resulted in a product without any stereoregular PS (2-4).

Table 1 shows the results of  styrene polymerizat ion using
the Ph2Zn-(n-BuCp)2TiCl 2-MAO combined system. I t  can be seen
that conversion to polymer increases when the molar rat io (n-
BuCp)2TiCl 2/Ph2Zn increases. The same happens regarding the
content of  boi l ing butanone- insoluble f ract ion.  Furthermore,
the crude polymer obtained showed DSC melt ing temperature
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signals in the syndiotact ic PS range. These results conf irm
our previous f indings in the sense that Ph2Zn-metal locene-MAO
systems ini t iate polystyrene polymerizat ion producing highly
syndiotact ic PS (2-4).

DSC results conf irm the syndiotact ic nature of  the obtained
PS. Figure 1 shows the DSC curves of  the var ious PS obtained
when using (n-BuCp)2TiCl 2/Ph2Zn molar rat ios f rom 0.25 to 1.25.
The second heat ing curves are spl i t  into two peaks which can
be assigned to two di f ferent ways of  crystal l izat ion,  of  the
var ious crystal  forms that s-PS can show (6,7).

The insoluble fract ion content increases with the molar
rat io (n-BuCp)2TiCl 2/Ph2Zn. I t  reaches a content of  90% and
higher as the molar rat io moves f rom 0.75 to 1.00 and 1.25.
This f inding suggest that the act ive species capable of
inducing stereoregular polymerizat ion are very much inf luenced
by the interact ion between Ph2Zn and (n-BuCp)2TiCl2.  Another
point to be not iced is that in i t iator  systems with a molar
rat io (n-BuCp)2TiCl 2/Ph2Zn = 1 present an act iv i ty  larger than
those with molar rat ios of  0.50,  0.75 or 1.25,  emphasiz ing the
interact ion between the two components of  the system.

The DSC analysis of  the crude polymers conf irmed the
presence of  stereoregular polystyrene. Figure 1 shows the DSC
thermogram. for  the complete ser ies.  From these results the
presence of  crystal l ine polystyrene is c lear.  The f i rst
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heat ing shows only one peak in the region of  262.5-267 °C
(Fig.  1a).  Af ter  cool ing to room temperature and carry ing out
a second heat ing, the signal  spl i t  into two (Fig.  1b).  The
double peak signal have already been observed by other authors
(6,7) and are attr ibuted to di f ferent ways of  crystal l iz ing of
syndiotact ic polystyrene.

Figure 2,  shows polymer conversion with t ime. I t  can be
seen that conversion to polymer increases with t ime and also,
on the other hand, that the s-PS content did not change with
t ime, point ing to the real  importance of  the in i t iator system.
DSC analysis of  the polymer obtained indicates that,
independently of  react ion t ime, the presence of  syndiotact ic
polymer in the crude polymers can be detected.

A number of  papers regarding styrene polymerizat ion
in i t iated by metal locene-MAO systems (7-11) indicates a
var iety of  f indings depending on the part icular  metal locene
employed. Anyhow, i t  is considered that the act ive species
are complex products resul t ing from react ion of  the t i tanium
compound with MAO (8).  On the other hand, the oxidat ion
number of  t i tanium has been considered to play a determinant
role in the stereospeci f ic polymerizat ion of  styrene, with
the Ti(+3) species being responsible for  the formation of  s-
PS (9-10).  Therefore, the t i tanocene employed is cr i t ical ly
determinant in the formation of  s-PS. I t  has been reported
that 100% s-PS can be obtained using [Ti(eta(5)-
C(5)H(4)( t)Bu(Cl)-3]-MAO (11).
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Our results indicates that Ph2Zn-(n-BuCp)2TiCl 2-MAO
combinat ions are capable of  inducing styrene polymerizat ion.
Conversion to polymer and s-PS content change depending on the
molar rat io (n-BuCp)2TiCl 2/Ph2Zn employed.

Recent ly we performed exper iments of  styrene polymerizat ion
in i t iated by Ph2Zn-Metal locene-MAO systems using nonpolar and
polar solvents and their  1:1 mixtures,  where the metal locene
employed were: Ind2ZrCl2,  Cp2TiCl2 and (n-BuCp)2TiCl 2 (12).  The
conversion to polymer was much increased with solvent polar i ty
whi le the content of  stereoregular PS remains almost
unchanged.

Polymerizat ion of  S with Ph2Zn-(n-BuCp)2TiCl 2-MAO systems
with molar rat io (n-BuCp)2TiCl 2/Ph2Zn = 1.0,  produced
conversion of  16.0; 23.9 and 31.8% for respect ively
chlorobenzene, to luene/o-dichlorobenzene and o-dichlorobenzene
as solvents,  whi le conversion to polymer with to luene as
solvent was only 11.8%. The dielectr ic constant (εεεε )  for  these
solvents are: to luene 2.38, chlorobenzene 5.69 and o-
dichlorobenzene 10.12 (13).  These results indicate that
polymerizat ion using Ph2Zn-(n-BuCp)2TiCl 2-MAO in i t iator  systems
are favored by polar i ty of  the react ion media.  These resul ts
support our previous assessments (12),  where was postulated
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that styrene polymerizat ion by Ph2Zn-metal locene-MAO in i t iator
systems starts by coordinat ion of  styrene to the act ive
species,  and then polymerizat ion propagates through an ionic
pathway. Further work is under way, f rom which more conclusive
resul ts are expected.
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