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nearly monodisperse polymers of controlled molecular 
weights. 
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ABSTRACT: Copolymerizations of styrene and substituted styrenes were carried out at room tempera- 
ture with a Ti(OMen),-methylaluminoxane catalyst and the monomer reactivity ratios (r) were estimated 
by using the Fineman-Ross method. From the plot of log r versus u in the Hammett equation, log r = pu, 
p was approximately -1.2. The negative value of p suggested that  polymerization of these styrene mono- 
mers proceeds not via a coordinated anionic but via a coordinated cationic mechanism. The results of 
copolymerization between styrene and a-olefins supported the mechanism. 

Introduction 

Ishihara et a1.l have succeeded in preparing syndiotac- 
tic polystyrene by using a kind of Kaminsky-Sinn cata- 
lysts composed of some titanium compounds and meth- 
ylaluminoxane (MAO). Zambelli et al.'p3 later found that 
some zirconium compounds are also effective for the syn- 
diotactic polymerization of styrene when MA0 is used 
as cocatalyst. Ishihara et ale4 have recently reported that 
corresponding syndiotactic polymers can also be simi- 
larly obtained for ring-substituted styrenes (p- and m- 
methylstyrene, p-tert-butylstyrene, p -  and m-chlorosty- 
rene, p-fluorostyrene, etc.) with a similar catalyst sys- 
tem. More recently, Grassi et al.5 have also carried out 
the polymerization of substituted styrenes and found that 
syndiotactic polymer is obtained from p-methylstyrene, 
whereas atactic polymers are obtained from p-methoxy- 
styrene and p - ,  m-, and o-chlorostyrene. 

It is evident  that MA0 plays an important role i n  pro- 
ducing syndiotactic polystyrene. However, the catalyst 
system composed of Cp2MCl, (M = Ti, Zr) and MAO, 
which is well-known to catalyze olefin polymerization, 
does not give syndiotactic polystyrene, whereas the 
Ti(OR),-MA0 system, which produces syndiotactic poly- 
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styrene, also gives polyolefins6 but not copolymers of sty- 
rene and olefins. These facts may indicate that the active 
species that produce syndiotactic polystyrene are differ- 
ent from those producing polyolefins. 

To obtain more information on the active species for 
syndiotactic polymerization of styrene, we have carried 
out the copolymerization of styrene and analyzed the 
results by using the Hammett law. 

Experimental Section 
Materials. Styrene and substituted styrenes commercially 

obtained from Kanto Chemical Co. were washed with an aque- 
ous solution of sodium hydroxide, dried over calcium hydride 
for 12 h, and distilled under reduced pressure. Toluene used 
as solvent was purified by refluxing over calcium hydride for 
24 h, followed by fractional distillation. Ti(OMen), was pre- 
pared from TiCl, and L-(-)-menthol and purified by distilla- 
tion. AMe, (TMA) and CuS0,.5H20 were commercially obtained 
and used without further purification. Methylaluminoxane 
(MAO) was prepared from TMA and CuS0,.5H20 according 
to the literature' and reserved as stock solution in toluene, 0.40 
mmol/dm3. Nitrogen of 99.9989% purity was used after pass- 
ing it through a column of 3A molecular sieve. 

Polymerization and Analytical Procedures. Polymeriza- 
tions were carried out in a 100-cm3 glass reactor equipped with 
a magnetic stirrer. Polymerization was stopped by adding a 
mixture of hydrochloric acid and methanol, filtered, and dried 
under reduced pressure at 60 "C. The structures and com o- 
sitions of the copolymers were determined by 'H NMR, 'C 
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Table I 
Results of Copolymerization of Styrene (M,) and 

pMethylstyrene (M2)a 

27.4 72.6 19.2 80.8 0.377 0.238 0.597 -1.21 
53.1 46.9 39.4 60.6 1.13 0.650 1.96 -0.608 
62.9 37.1 45.9 54.1 1.70 0.848 3.41 -0.305 
72.6 27.4 57.7 42.3 2.65 1.36 5.16 0.701 
' Polymerization conditions: polym temp = 27 O C ;  styrene + p -  

methylstyrene = 10 cm3; Ti(OMen), = 0.1 mmol; MA0 = 2.0 mmol; 
toluene = 30 cm3. Determined from IH NMR. 

-*t 
Figure 1. Fineman-Ross plots for the copolymerization of sty- 
rene (M,) and p-methylstyrene (M ): polym temp = 27 "C; sty- 
rene + p-methylstyrene, 10 cm3; l?i(OMen),, 0.1 mmol; MAO, 
2.0 mmol; toluene, 30 cm3. 

p=-1 17 ~ 

-03 - 0 2  -01 6 G--0203-64 
U 

Figure 2. Plots of log (l /r ,)  against u: polym temp = 27 "C; 
styrene + substituted styrene, 10 cm3; Ti(OMen),, 0.1 mmol; 
MAO, 2.0 mmol; toluene, 30 cm3. 

NMR, and elemental analysis. The 13C NMR spectra of the 
polymers were measured at 25.1 MHz in chloroform-d at 60 "C 
with a JEOL FX-100 spectrometer. The chemical shifts were 
referred to HMDS added as an internal standard for 6 = 2.0 
ppm. Molecular weight and molecular mass distributions of 
the homopolymers were determined at 140 "C with a Waters 
Associates Model 150GPC chromatograph using 1,2,4-trichlo- 

Table I1 
Monomer Reactivitv Ratios for Stvrene and Substituted 

Styrenes. 
monomer r, r., r,r., 
p-CHSSt 0.40 1.47 0.59 
St 1 1 1 
p-C1St 1.49 0.19 0.29 
p-BrSt 1.26 0.79 1.00 
m-C1St 1.95 0.23 0.45 

a Polymerization conditions: polym temp = 27 "C, styrene + sub- 
stituted styrene = 10 cm3; Ti(OMen), = 0.1 mmol; MA0 = 2.0 mmol; 
toluene = 30 cm3. 

robenzene as solvent, whereas those of copolymers were deter- 
mined at 40 "C with a Shimadzu-liquid Ehromatograph HIC- 
6A using chloroform as solvent. M,, and M, were obtained by 
using standard polystyrene gels. (Since we have no _calibrati_on 
curves between polystyrene and present polymers, M, and M, 
thus determined might not be correct.) 

Results and Discussion 
Copolymerizations were usually conducted at  27 "C by 

using 0.1 mmol of Ti(OMen),, 2.0 mmol (referred to 
AlMe,) of MAO, 10 cm3 of monomers (styrene + substi- 
tuted styrene), and 30 cm3 of toluene. 

As an example, the results of copolymerization between 
styrene (M,) and p-methylstyrene (M,) are given in Table 
I. By use of the Fineman-Ross plots shown in Figure 1 
as well as eq 1, the monomer reactivity ratios for styrene 
(rl) and p-methylstyrene (r2) were obtained to be rl = 
0.40 and r2 = 1.47, respectively. 

with F = [M,]/[M,] and f = d[Mll/d[M21 

The results obtained with the other copolymeriza- 
tions were also analyzed in a similar way. The experi- 
mental data satisfactorily fitted the Fineman-Ross plots 
for all copolymerizations. The r , ,  r2 and r1r2 values 
obtained are summarized in Table 11. In Figure 2 are 
plotted the log (l /r ,)  values against a from the Ham- 
mett equation (log (l/r,) = pa). From the slope in Fig- 
ure 2, p was obtained to be -1.17. The negative value of 
p indicates that these copolymerization reactions pro- 
ceed not via an anionic but via a cationic mechanism. 

Typical 13C NMR spectra of the copolymers are illus- 
trated in Figure 3. The styrene-p-methylstyrene copol- 
ymer is highly syndiotactic, whereas the syndiotacticity 
of the other copolymers is not as high. 

To get more information on this point, homopolymer- 
izations of these substituted styrenes were carried out 
under similar conditions. In Figure 4 are shown the 13C 
NMR spectra of the polymers obtained together with 
assignments. Numeration of the carbon atoms of the 
monomer units is illustrated in Figure 5. The spectra in 
phenyl C-1 and methylene regions clearly indicate that 
highly syndiotactic polymers are obtained with styrene 
and p-methylstyrene, whereas atactic polymers are 
obtained with p-chlorostyrene, p-bromostyrene, and m- 
chlorostyrene. This tendency agrees well with the copo- 
lymerization results. Ishihara et ale4 conducted the poly- 
merization of substituted styrene monomers by using 
(q5-C,H5)TiC1,-MA0 catalyst and concluded that cor- 
responding syndiotactic polymers were obtained accord- 
ing to the analysis of the 13C NMR spectra in the phe- 
nyl C-1 carbon region. The present results are in good 
agreement with those reported by Grassi e t  al.5 but do 
not agree with those reported by Ishihara et al., The 
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Figure 3. (1) 13C NMR spectrum of the styrene-p-methylsty- 
rene copolymer. Monomer contents: styrene, 19.2 mol %; p -  
methylstyrene, 80.8 mol %; Folym temp = 27 "C; styrene, 2.5 
cm3; p-methylstyrene 7.5 cm ; Ti(OMen),, 0.1 mmol; MAO, 2.0 

p-chlorostyrene copolymer. Monomer contents: styrene, 18.4 
mol %; p-chlorostyrene, 81.6 mol %; polym temp = 60 "C; sty- 
rene, 1 cm3; p-chlorostyrene, 9 cm3; Ti(OMen),, 0.1 mmol; MAO, 
2.0 mmol; toluene, 30 cm3. (3) 13C NMR spectrum of the sty- 
rene-p-bromostyrene copolymer. Monomer contents: styrene, 
49.0 mol %; p-bromostyrene, 51.0 mol %; polym temp = 60 "C; 
styrene, 5 cm3; p-bromostyrene, 5 cm3; Ti(OMen),, 0.1 mmol; 
MAO, 2.0 mmol; toluene, 30 cm3. (4) 13C NMR spectrum of 
the styrene-m-chlorostyrene copolymer. Monomer contents sty- 
rene, 9.3 mol %; m-chlorostyrene, 90.7 mol %; polym temp = 
27 "C; styrene, 4 cm3; m-chlorostyrene 6 cm3; Ti(OMen),, 0.1 
mmol; MAO, 2.0 mmol; toluene, 30 ems. 

mmol; toluene, 30 cm 5 . (2) "C NMR spectrum of the styrene- 
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Figure 4. 13C NMR spectra of the homopolymers of the sub- 
stituted styrenes: (1) poly@-CH3St); (2) polySt; (3) poly@- 
ClSt); (4) poly@-BrSt); (5) poly(m-ClSt); poly temp = 27 "C 
for 1 and 2 and 60 "C for 3-5; substituted styrene, 10 cm3; 
Ti(OMen),, 0.1 mmol; AMO, 2.0 mmol; toluene, 30 cm3. 
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Table I11 
Copolymerization of Styrene (M,) with Some Olefins (M,) by Ti(O'Bu),-MAO. 

comonomer M, in feed, mol % polym temp, O C  polym time, h yield, mg polym obtainedb 
ethylene 95 40 1 83 polyethylene 

1-hexene 73.2 27 3 35 atactic polystyrene 
a Polymerization conditions: Ti(O"Bu), = 0.1 mmol; MA0 = 2.0 mmol; toluene = 30 cm3, 

5 27 40 320 atactic polystyrene (major) + polyethylene (trace) 

Analyzed by 13C NMR of extracted polymers. 

R 
fif@ / 

-cC'-c"- I 
Figure 5. Numeration of the carbon atoms of the monomer 
units (R = CH,, C1, Br). 

precise reason for such disagreement in polymer struc- 
tures is not obvious a t  present. 

As is well-known, most of the a-olefin polymerizes via 
an anionic mechanism, whereas Eisch et ala8 reported that 
some cationic species like dicyclopentadienylmethyltita- 
nium(1V) tetrachloroaluminate initiate ethylene polymer- 
ization. From such a viewpoint, copolymerization of sty- 
rene with ethylene or 1-hexene was then conducted under 
similar conditions. The polymers obtained were sepa- 
rated by extraction with CHC1, and both fractions were 
analyzed by 13C NMR. Typical results are shown in Table 
111. The polymers obtained were essentially composed 
of polyolefin and atactic polystyrene. No detectable 
amount of the ethylene-styrene or 1-hexenestyrene copol- 
ymer was obtained with this catalyst system. The pos- 
sibility of producing a block copolymer between styrene 
and propylene was also examined with the following exper- 
iments. After the polymerization of propylene was car- 
ried out a t  0 "C for 24 h, propylene monomer was quickly 
substituted by styrene at  0 "C and the reaction was con- 
tinued for 24 h at  0 "C. In Figure 6-1 is illustrated the 
13C NMR spectrum of the crude polymer, which indi- 
cates the small peaks attributable to polypropylene. The 
polymer was then extracted with CHCl,, in which a very 
small quantity was insoluble. The 13C NMR spectrum 
of the soluble part is shown in Figure 6-2. The peaks 
attributed to polypropylene disappeared completely. 
Although we could not measure the 13C NMR spectrum 
of the insoluble part due to very small amount, it might 
be homopolypropylene. No block polymer was formed 
by this procedure. 

Thus, the present catalyst produces both polyolefins 
and polystyrene b u t  not a n y  copolymer between them.  
These results can be rationalized by the presence of both 
coordinated cationic and coordinated anionic species, and 
the former gives syndiotactic polystyrene while the lat- 
ter polyolefins. The change in structure of polystyrene 
from syndiotactic to atactic in the presence of olefins may 
suggest that the coordinated cationic species has also some 
interaction with olefin monomers. 

Natta et al.99'0 carried out the copolymerization of sty- 
rene with substituted styrenes by using TiCl,-AlEt, cat- 
alyst and obtained a Hammett p parameter of approxi- 
mately -1, which agrees well with the present result. How- 
ever, usual Ziegler-Natta catalysts like TiC1,-AlEt, are 
known to be active also for the copolymerization of sty- 

160 120 80 4 0 

2 )  

160 120 80 40 0 
6 in ppm 

Figure 6. 13C NMR spectra of the polymer obtained in the 
block copolymerization between styrene and propylene. (1) Crude 
polymer, before extraction with CHCl,. The labeled peaks are 
assigned to  polypropylene. (2) Soluble polymer, after extrac- 
tion with CHC1,: polym temp = 0 "C; propylene, 2.2 dm3; sty- 
rene, 20 cm3; Ti(OMen),, 0.2 mmol; MAO, 5.0 mmol; toluene, 
51 cm3. 

rene with olefins. Therefore, there seems to be a big dif- 
ferences in catalytic centers from usual Zieger-Natta cat- 
alysts and the present catalyst system. To obtain more 
information about this, experiments are under way to 
copolymerize styrene with monomers that are known to 
polymerize via a cationic mechanism. The results will 
be reported i n  another paper. 
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ABSTRACT: Two kinds of supported catalysts, Ti(OBu),/SiO, (A) and Ti(OBu),/MAO/SiO, (B), were 
prepared and styrene polymerization was conducted by using the catalyst systems of A with methylalumi- 
noxane (MAO) and B alone. In the case of A with MAO, the rate of polymerization rapidly increased to  
reach a nearly constant value a t  a MAO/Ti ratio near 1 (Al/Ti = 20) with a slow increase as the molar 
ratio MAO/Ti is increased. On the other hand, very high activity was obtained when bulk polymerization 
was carried out using B. All the polymers obtained with these catalysts were highly syndiotactic (approx- 
imately 100%) with narrow molecular mass distributions. 

Introduction 

Idemitsu Kosan Co. Ltd.' has recently succeeded in 
preparing syndiotactic polystyrene by using Kaminsky- 
Sinn catalysts composed of some titanium compounds 
and methylaluminoxane (MAO).2-4 Zambelli et  aL5s6 
reported that some zirconium compounds are also effec- 
tive for the polymerization when MA0 is used as cocat- 
alyst. 

More recently, we have succeeded in preparing sup- 
ported Kaminsky-Sinn catalysts that  effectively cata- 
lyze syndiotactic polymerization of styrene a t  a low molar 
ratio of MAO/Ti. The catalyst systems seem to be use- 
ful not only for the production of syndiotactic polysty- 
rene but also for the investigation of the active species 
in the Kaminsky-Sinn catalyst. 

This paper reports the preparation of the catalysts as 
well as brief results of styrene polymerization with these 
supported catalysts. 

Experimental Section 
Materials. Toluene (from Kanto Chemicals Co. Ltd.) was 

purified by refluxing over calcium hydride for 24 h, followed by 
fractional distillation. Styrene (from the same company) was 
washed with an aqueous solution of sodium hydroxide, dried 
over calcium hydride for 12 h, and distilled under reduced pres- 
sure. SiO, (350 m2/g, from Fuji-Davison Chemicals Ltd., grade 
952) and r-Al,O, (150 m2/g, from Nishio Industry Co.) were 
heated under reduced pressure a t  300 OC for 4 h. AlMe,, 
CuSO4.5H,O, and Ti(OBu), were commercially obtained and 
used without further purification. Nitrogen (99.9989%, from 
Toyo Oxygen Co.) was used after passing through a 3A molec- 
ular sieve column. Methylaluminoxane (MAO) was prepared 
from AlMe, and CuSO4.5H,O according to literature., It is said 
that an appreciable amount of the unreacted AlMe, remains in 
the MA0.7 Since AlMe, is considered to  be more reactive than 
MAO, it is recommended to  remove the unreacted AlMe,. Prom 
such a viewpoint, 22 mmol of MA0 (referred to AlMe,) was 
brought into contact with 1.2 g of y-Al,O, for 24 h a t  room 
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temperature. The MA0 thus treated was reserved as a stock 
solution in toluene (0.40 mmol/dm3). Sinn et  al.7 measured 
the CH,/Al ratio of their MA0 by complete hydrolysis and 
obtained CH,/Al = 1.59. The CH3/Al ratios of untreated and 
y-Al,O,-treated MA0 were analyzed by a similar method (HCl/ 
H,O) by using approximately 4-mL samples. The results obtained 
were as follows: untreated MAO, A1 = 2.0 mmol, CH, evolved 
= 3.42 mmol, CH,/A1 = 1.71; treated MAO, A1 = 2.0 mmol, 
CH, evolved = 3.12 mmol, CH,/Al = 1.56. Thus, the treat- 
ment of MA0 with y-Al,03 caused a slight decrease in the CH3/ 
A1 ratio, suggesting that AlMe, contained in MA0 is partly 
removed. However, the CH,/A1 ratio is still much higher than 
unity, which indicates that the structure of MA0 is very com- 
plicated. 

Preparation of Supported Catalysts. Ti(OBu),/SiO, cat- 
alyst (catalyst A): To a solution of Ti(OBu), in toluene (51.4 
cm3, 0.747 mol/dm3) at room temperature was added 2.3 g of 
SiO,. After raising the temperature to the boiling point, the 
mixture was kept standing for 8 h with vigorous stirring. Then 
the precipitate was filtered under nitrogen, washed five times 
with plenty of toluene, and dried under reduced pressure at 40 
OC for 4 h. MAO/Ti(OBu),/SiO, catalyst (catalyst B): 9.76 
mmol of the MA0 (referred to  AlMe ) was added dropwise a t  

the Ti(OBu),/SiO, catalyst, which had been prepared from 1.5 
g of Si0 and 37.6 cm3 of Ti(OBu), solution in toluene (0.747 

perature for 1 h. The precipitate was filtered, washed with tol- 
uene, and dried under reduced pressure at 40 "C for 4 h. 

Polymerization and Analytical Procedures. Polymeriza- 
tion of styrene was carried out in a 0.1 dm3 glass reactor equipped 
with a magnetic stirrer. Measured amounts of catalyst A and 
MA0 or catalyst B were placed in the reactor containing sty- 
rene or styrene and toluene a t  room temperature. Polymeriza- 
tion was stopped by adding a mixture of hydrochloric acid and 
methanol; the mixture was filtered and dried under reduced 
pressure at 60 "C. 

The I3C NMR spectra of the polymers were measured a t  25.1 
Hz in chloroform-d a t  60 "C with a JEOL J N H  FX-100 spec- 
trometer. The amounts of titanium and aluminum contained 
in the supported catalysts were determined by atomic absorp- 

-20 "C to the slurry containing 10 cm % of toluene and 0.30 g of 

mol/dm 3 ). Then the mixture was kept standing at room tem- 
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