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ABSTRACT: Polymerization of butadiene, isoprene, and styrene was investigated using the catglyGtH4]-
(7>MBMP)CI (1) (MBMP = 2,2-methylenebis(@ert-butyl-4-methylphenoxo)) activated with methylaluminoxane
(MAO). Syndiotactic polystyrene andis-1,4-polybutadiene were obtained at SC, similarly to other
monocyclopentadieny! titanium catalysts previously reported. On the contraryi/M&O catalyst resulted
extremely active in isoprene polymerization, producing polymers with maisht,4 structure and containing
head-to-head and tail-to-tail enchainments of the monomer units in a molar concentration of 21.5%. Binary
copolymerization of styrene with butadiene yielded block copolymers containing segmeistd d@fpolybutadiene

and crystalline syndiotactic polystyrene. The reactivity ratios 70 andr, = 1.2 determined by NMR methods
confirmed the blocky distribution of the monomers in the copolymer chain. The AFM of copolymers rich in
styrene xs = 0.77—0.81) showed a microphase separation of polybutadiene domains in micrometric scale (average
radius 800 nm). Novel copolymers of styrene with isoprene were synthesized usitiiyih® catalyst. The*C

NMR chemical shifts of the carbon atoms diagnostic of the different monomer diads and triads were predicted
and assigned using properly calculated additive shift factors. The reactivity ratiesl8 andr, = 0.3 were
evaluated by means of NMR methods. Despite the syndiotactic arrangement of the styrene homosequences, the
styreneeo-isoprene polymers are completely soluble in organic solvents and completely amorphous also at high
styrene concentration.

Introduction can be also obtained polymerizing styrene in a solution
containing the rubber or by blending polybutadiene and

polymer manufactured in tons scalefyear for many practical POIyStyrene: In the latter the phase inversion is accomplished
applications. It consists of a rubber, generally polybutadiene, Py hard mixing and curing of the polymer mixture in the reactor.
homogeneously dispersed under the form of discrete particlesVVhen compared to the blended products,itheitu synthesized
throughout the hard matrix of atactic polystyrene or styrenic "Ubber-in-styrene polymers usually results in a superior product
copolymers (e.g., styrer@crylonitrile (SAN) or acrylonitrile- exhibiting higher modulus and equivalent impact strength with
butadiene-styrene (ABS)}: As a consequence of the im- €SS rubbet.
miscibility of polystyrene and polybutadiene, the blends of these  Syndiotactic polystyrene is a novel crystalline thermoplastic
two polymers as well as the styrebebutadiene polymers are  exhibiting several interesting physical and chemical properties,
phase-separated materials in which the morphology and dimen-such as high heat resistance, high crystallization rate, good
sion of the rubber particles are determined by the relative volumeinsulating properties, excellent processing characteristics,
of the polymers and the synthetic procedure used. The chemicaloutstanding dimensional stability, and low moisture absorgtion.
interactions between the polystyrene and rubber domains controlSimilarly to other crystalline polymers, syndiotactic polystyrene
the initiation and growth of crazes, eventually formed in the suffers the strong limitation to be brittle under normal use
thermoplastic domains, and reinforce the rubber. The morpho- conditions. Thus, the synthesis of stereoregular styrene copoly-
logical control and the size of the rubber nanoparticles are mers with conjugated dienes, mainly butadiene and isoprene,
critical for the final properties of the material. is expected to lead to novel high impact polystyrenes that can
HIPS and copolymers of styrene with conjugated dienes, e.g., enlarge the window of practical applications of this polymer.
SBR, are typically synthesized by means of free radical emulsion gy intactic polystyrene is typically manufactured by solution
processes or solution processes based on living anionic ,cesses using monocyclopentadienyltitanium compounds
polymerization catalyzed by alkyllithium compountighe lack CpTiXs (Cp = CsHs, CsMes, or Ind: GsHa('Bu): X = halide
of steric control leads 'Fo.stereoirre.gular. styrene sequences as oo alkyl), activat’ed With’methyléluminoxa,ne (MA@T.hé
well as stereo- and regioirregular diene incorporation. In these stereospecific insertion of the monomer on the titanitatkyl
cases the microstructure of the polymers largely depends ONpond is secondary (2,1-insertigh)and the polymerization

the solvent, monomer conqentratlon, tempe_rgture, and themechanism follows a chain-end or zero-order Markov statistics.
presence of Lewis base additives. Rubber-modified polystyrene.l.he value of the polydispersity index of the average molecular
weights (PDI= M,/M) for polymers by monocyclopentadi-
* To whom correspondence should be addressed: e-mail agrassi@unisa.it; tani ; ; ; ;
Fax +39089960824. enyltltgmum catalysts is about 2, suggesting a single site
 Universitadi Salerno. behavior of these catalysts and a reduced chain transfer to the
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Q increase of the PDIs from a value typical of a single site catalyst
CD (runs 5, 6) to that of a multisite catalyst (runs 2, 3) was observed
at variance of the used cocatalyst. A possible explanation is
that the alkylaluminum compound could increase the molar
concentration of Ti(lll) species, expected to be the active catalyst
species in syndiospecific styrene and conjugated diene polym-
erization!” However, the reaction/coordination of trimethyla-
luminum with the titanium complég could lead to different
catalysts determining the broadening of the average molecular
weight distribution.

Despite the cocatalyst employed, the polymerization activities
are in the order butadiere styrene> isoprene. This trend is
the same previously observed with CpTi@nd other mono-
cyclopentadienyltitanium catalyst&The higher polymerization

stereoregular polymerization of butadi€n€opolymerization activity of butadiene was explained in light of the polymerization

of styrene with butadiene has been successfully accomplishedme_Ch%Q'sm proposed fo_r _the conj_ugated alkadienes po_lym_en-
with the CPTIXo/MAO (Cp' = CsHs, X = CI, F; Cp = Cs- zation#° The rate-determining step is the monomer coordination

Mes, X = Me) under different polymerization conditiofta? that prodgces a sgbstantial shift froy® to '-coordination of
The resulting copolymers exhibit a blocky nature consisting of '_[he aI_IyI intermediate metal complex foIIowe_d b_y monomer
crystalline syndiotactic polystyrene segments, with melting insertion (see Scheme 1). The h|gher coordination energy o
points in the range 206230 °C, and rubber segments ois- the F“eta' of the 2-methylbgtenyl chain end Vs the b“‘?”)’.‘ chain
1,4-polybutadiene containing-8.2 mol % of isolated 1,2-vinyl gndmg accounts fpr the different polymerization activities of
Units 10 isoprene vs butadiene (Scheme 1).

To date, there are very few reports on transition-metal- In the case of styrene, the secondary insertion of this monomer
catalyzed polymerization of isoprene and copolymerization of Onto titanium-polymer bond leads to a benzyl type chain ending
isoprene with styrene because of the low reactivity of this that isy’-coordinated to the metal through the aromatic ring:
monomer with transition metal organometallics. A limited this coordination has been proposed as the origin of the
number of stereoregular isoprene polymers have been describegtereocontrol in syndiospecific styrene polymerization by mono-
in the literature. Heterogeneous or supported Ziegiatta cyclopentadienyltitanium catalys%lndegd, theoretical studies
titanium catalysts givérans-1,4-polyisoprene 85 mol %)%t showgd that tranS|t|on.states for the |nsertlon of tien*
mixtures of vanadium halides with trialkylaluminum compounds coordinated monomer is at least 30 kJ lower in energy when
lead to polymers with the same microstructure but in higher the aromatic ring of the last enchained monomer units is
yields 12 Middle-late catalysts based on iron complexes produce coordinated to the meté%.The ;imilarity of the transiti.on states
3,4-polyisoprene (up to 99 mol %) with elevated efficiezy. ~ and the trend of the coordination energy of the growing polymer
Isotactic 3,4-polyisoprene have been obtained with extremely chain to the metal explain the observed trend of the polymer-
high regio- and stereoselectivitynnmm> 99%) using lan- ~ 1Zation activities.
thanide-based catalys'ts. The chemical structure of the polymers bYAO is the one

CpTiCl/MAO is scarcely active in styrenes-isoprene expected for addition polymerization catalyzed by monocyclo-
polymerizationt® and a full characterization of the structure of pentadienyltitanium compounds. The syndiotacticity of the
this copolymer was not previously reported. Recently, a novel polystyrene is very highrfrr > 98%), and the polybutadiene
cyclopentadienyltitanium complex bearing a chelated diphenoxo consists oftis-1,4 segments spanned by isolated 1,2-vinyl (18
ligand, namely Tig5-CsHs)(7>-MBMP)CI (1) (MBMP = 2,2- mol %) andtrans-1,4 (9.3 mol %) units. As a matter of fact,
methylenebis(@ert-butyl-4-methylphenoxo), Figure 1), has been the aliphatic region of thé3C NMR spectrum of this polymer
described as efficient catalystadis-1,4-isoprene polymerization  exhibits a main signal at 27.6 ppm, diagnostic of the methylene
and syndiospecific styrene polymerizatitn. carbon atoms ¢C, of the CCC triad (C= cis-1,4-butadiene)

This discovery prompted us to investigate the binary copo- and additional signals at 25.2, 34.5, and 43.9 ppm, attributed
lymerization of styrene with butadiene and isoprene, allowing to the methylene carbon atomsMC, CV.C, and methine
the synthesis of these copolymers and their full characterization. CV2C, respectively (V= 1,2-vinyl)X° A signal at 33.0 ppm

accounts for the methylene carbon atom& 7 of isolatedtrans
Results and Discussion 1,4-units in CTC sequence & trans-1,4-butadiene¥?2 The3C
Polymerization of Styrene, Butadiene, and Isoprene. resonances diagnostic of the TT and VV didsave not been

Styrene, butadiene, and isoprene polymerizations catalyzed byobserved in the spectrum of this sample.
the monocyclopentadienyltitanium catalygMAO are com- The isoprene polymerization catalyzed BAO is mainly
pared in Table 1. Two parallel sets of polymerization runs were cis-1,4-specific. The integration of tHél NMR signals at 5.13
carried out using the commercial solution of MAO in toluene and 4.73 ppm, attributed to the unsaturated methine and
(10 wt % with a trimethylaluminum concentration of 37 mol methylidene protons of 1,4- and 3,4-units, respectively, indicated
%) (runs 1-3) as cocatalyst or powder sample of MAO a concentration of only 5.4 mol % of 3,4-isoprene (Scheme 2).
produced by distilling off both the solvent andt coordinated The 13C NMR signals at 32.4 (§, 26.6 (G), and 23.6 (G)
trimethylaluminum @-MAO) (runs 4-6). ppm confirmed theis-1,4 enchainment of the monomer units,
The head-to-head comparison of the rur8Zand 4-6 shows whereas the signals at 48.1, 30.1, and 18.8 ppm suggested the
an increment of the polymer yields of about 1 order of presence of Y, V4 and \k carbon atoms of isolated 3,4-units.
magnitude in styrene and isoprene polymerization and a 2-fold A thorough inspection of the polymer structure B¢ NMR
increase in butadiene polymerization when the commercial spectroscopy revealed more interesting structural details. The
toluene solution of MAO was employed. Moreover, a parallel presence of3C NMR signals at 30.8 and 28.6 ppm highlighted

MC3C

Figure 1. Ti(%®-CsHs)(#?>-MBMP)CI (1) (MBMP = 2,2-methylenebis-
(6-tert-butyl-4-methylphenoxo).

erization catalysts based on cyclopentadienyltitanium com-
pounds are also active in livingis-1,4 specific regio- and
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Table 1. Polymerization of Styrene, Isoprene, and Butadiene by Ti®-CsHs)(y>-MBMP)CI (1) (MBMP =
2,2-Methylenebis(6tert-butyl-4-methylphenoxo) Activated with MAO

rung monomer yield (g) conversion (%) microstructure (mol %) My, x 10°(Da) Mw/Mp
1 styrene 2.25 49.5 rrrr > 98.0 33 2.0
2 isoprene 1.19 35.0 1h=94.6 566 3.5
I34=5.4
3 butadiene 2.61 96.0 1B=282.0 1155 34
B]_'2 =18.0
4p styrene 0.296 6.5 rrer > 98.0 46 2.0
5p isoprene 0.165 4.8 1h=93.4 755 25
|3'4 =6.6
6P butadiene 0.763 28.0 1B=280.4 3512 2.0
B1,=19.6

a pPolymerization conditions: 2.2 107° mol of catalyst ([Ti]= 5.5 x 10~* M); MAO (10 wt % toluene solution); Al/Ti= 1000; 5 mL of monomer (5.0
x 1072 mol); T = 50 °C; polymerization time= 20 min.? d-MAO as cocatalyst.

Scheme 1

insertion

R=H; Me
P = growing polymer chain

to highlight differences in the active species of this novel catalyst
and CpTiC.

Styreneeo-butadiene polymerization using the toluene solu-
tion of MAO (10 wt % in toluene) were carried out at 3G
(Table 2). The copolymerization run 14, carried out with the
CpTiClL/MAO catalyst under the same conditions of run 7, was
also included for comparison.

Copolymers over the full range of composition were synthe-
sized &s = 0.29-0.81; runs 713 of Table 2). The polymer-
ization yields are comparable to those by the CpJititalyst
at 25°C, confirming that the copolymerization rate by mono-
cyclopentadienyltitanium catalysts is roughly independent of
temperaturé? The structural analysis of the copolymers'8g
NMR spectroscopy showed that the styrene homosequences
exhibit a syndiotactic arrangement, and ¢ieel,4-polybutadiene
segments include 1,2-vinylbutadiene units in the rang@ Bol

i " ‘ %. Isolatedtrans-1,4-butadiene units are incorporated exclu-
comparable to that of polyisoprene bysHG(‘Bu)TiCl; and sively in the CTC heterosequence and detected in amount

CpTiCl32> Moreover,cis-1,4-polyisoprene by &4(Bu)TiCls comparable to that observed in the homopolymerX@ mol
exhibited higher concentration of vinyl isoprene units (16.7 mol %).

%) than the polymer by whereas the molar concentrations of  The average monomer block lengths were thus calculated
the 3,4-vinyl and 1,2-vinyl units in the polymers by CpTCl  5ing thel*c NMR assignments and the method previously
are 5.9 and 3.5 mol %, respectivéyThe lack of**C signals reportedt? Styrene block lengths of 8 up to 20 were found in
at 16.0, 26.8, and 39.7 ppm attributedrians-1,4-isoprene units - he copolymers with styrene molar fraction in the ramge=
suggests an elevatetis-1,4-type stereospecificity of the title 290 g1 (runs 713 in Table 2). The reactivity ratiog =
catalyst in isoprene polymerization. The polybutadiene produced .. /kss and r, = ksgkss (kj is the kinetic constant for the
by /MAO exhibits a glass transition temperatufig)(of —97 addition of M to a growing chain ending with a Mnonomer

°C, a typical value foris-1,4-polybutadiene. On the contrary, njt) were evaluated using the following equatidns:
the Tgy of the polyisoprene by the title catalyst was observed at

the presence of head-to-head and tail-to-tail enchainmegis-of
1,4-isoprene unifd detected in a concentration of 21.5 mol %

—54 °C, a temperature value higher than that observed in r,(1f) = 2[BBJ/[BS] (1)
polyisoprene by anionic polymerization that is typically reported
at—73°C. The increment of th&, could be tentatively assigned r, f=2[SS)/[SB] )
to the high molar concentration of regioirregular isoprene units
which could give more stiffness to polymer chains. wheref is the composition in the feed & [S)/[B]) and the

Copolymerization of Styrene with Butadiene.The catalytic mole fraction of the monomer diads SS, BB, and SB (BS) were
performances ofl in the homopolymerization of styrene and evaluated by integration of the appropridf€ NMR signals
butadiene prompted us to copolymerize these monomers in ordemiven in the Experimental Section. The values foundrfand
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Table 2. Styreneeo-butadiene Polymerization by Ti@5-CsHs)(72-MBMP)CI (1) Activated with MAO

copolymer composition (mol %)

rung [S] (mol/L) S/B yield (g) S B4 Bi2 My x 10° (Da) Mw/Mp Ns Tm® (°C)

7 1.9 5 1.02 28.7 62.0 9.3 8.5

8 2.6 7 1.39 33.0 58.0 9.0 57 2.4 9.2

9 3.0 8 1.35 42.6 50.1 7.3 52 2.0 10.4 235
10 4.0 10 1.96 57.5 36.2 6.3 32 1.9 13.6 241
11 4.4 12 1.80 68.8 28.3 2.9 45 2.0 16.2 247
12 4.8 13 1.75 77.0 21.0 2.0 38 2.1 18.6 250
13 5.2 14 1.57 81.0 14.0 5.0 38 1.9 19.5 254
14p 2.6 7 1.12 30.1 59.9 10.0 19 1.6 8.6

aPolymerization conditions: 2.2 10-5 mol of catalyst ([Ti]= 5.5 x 1074 M); MAO (10 wt % toluene solution); Al/Ti= 1000; 1.5x 10-2 mol of
butadiene ([B]J= 0.37 M); T = 50°C; t = 1 h.P CpTiClz/MAO as catalyst® Melting point of the syndiotactic polystyrene segments.

Table 3. Styreneec-isoprene Polymerization by Ti@5-CsHs)(7>-MBMP)CI (1) Activated with MAO

copolymer composition (mol %)

rure [S] (moliL) [1] (moliL) Sl yield (g) s la l34 My x 10°(Da) Mu/Mp,

15 1.7 0.57 3 0.89 22.9 717 5.4 38 2.4
16 2.3 0.57 4 1.02 43.9 51.9 42 28 1.8
17 2.8 0.57 5 1.20 48.1 49.1 2.7 31 1.8
18 3.4 0.57 6 1.12 49.9 47.9 2.2 39 2.3
19 4.0 0.57 7 1.07 58.6 38.1 3.3 37 2.0
20 4.3 0.54 8 1.50 65.3 32.0 2.7 33 1.9
21 5.1 0.57 9 1.37 69.2 27.6 3.1 37 1.9
22 4.8 0.48 10 1.63 69.7 27.5 2.8 35 1.9
23 5.0 0.46 11 1.79 713 25.9 2.8 38 2.1
24 5.2 0.43 12 1.60 735 221 4.4 37 1.9
25 3.4 0.57 6 0.65 33.2 62.3 45 n.d. n.d.

aPolymerization conditions: 2.2 10-5 mol of catalyst ([Ti]= 6.3 x 1074 M); MAO (10 wt % toluene solution); Al/Ti= 1000; 2.0x 10-2 mol of
isopreneT = 50 °C; t = 1 h."The catalyst CpTiGIMAO was treated for 10 min at 25C and then injected into the polymerization solution at’60

rp are in the ranges 6278 and 0.9-1.6, respectively, and the The DSC profiles exhibify values increasing in the range
reactivity ratio products in the range 5825. The latter value,  from —33.6 to 54.9°C as the styrene content in the copolymer
found higher than unity, suggests a blocky distribution of the sample is increased in the range= 0.23-0.73. Endo peaks
monomers in substantial agreement with the previous resultscorresponding to the melting of syndiotactic polystyrene,
reported for styrenee-butadiene polymerization catalyzed by expected in the temperature range 2@@3 °C, were not

CpTiCl.? The styreneso-butadiene polymers byl exhibit observed also in the samples containing elevated concentration
melting points of the crystalline segments in the range-235  of styrene.

254 °C (see Table 2) in correspondence of styrene molar

fractions in the ranges = 0.43-0.81. TheM,, values are in . ) .
the range of 3857 kDa, and the average molecular weights by CpTICK/MAQ (run 25) was included for comparison. The

distributions are narrow, with PDIs close to 2, in agreement njic.rostructure of the copolymer obtained in 'this run Is very
with the value expected for polymers by single site catalysts. S'_m'lar to that produc_eql bWMAQ’ only showlng a sllghtlyo
In conclusion, the title catalyst exhibited performances in higher content of regioirregular isoprene units (31.0 mol %)

styreneeo-butadiene polymerization very similar to that of and lower amount ofrans-1,4-units (1.3 mol %). In contrast,
CpTiCl. the productivity of these two catalysts is quite different. When

the copolymerization was carried out in the same experimental
conditions used fot/MAO, the productivity of CpTi({ is rather
low (0.030 g of copolymer in 1 h) and increases if the catalyst

a better understanding of the polymerization behavidt and IS ag.ed for 10°m|n at 25.(: and then injected in monomers
to characterize this novel copolymer by syndiospecific styrene so_Iutlon at 50 g’ according to _the _procedure_ prqposed _by
polymerization catalyst. The monomer composition in the feed Miyazawa et af* However, glso n Fhls case this still remain
was calibrated in order to get copolymers with a styrene molar lower than that observed with the title catalyst.
fraction in the ranges = 0.23-0.73 (runs 15-24 of Table 3). This result indicates that the replacement of'-2n2thyl-
It is worth noting that despite the different activities observed enebis(6tert-butyl-4-methylphenoxo) for two chlorine atoms
in the homopolymerization of butadiene and isoprene (see Tableproduces an increase of the polymerization activity of mono-
1), the yields in styrenee-butadiene polymerization are similar  cyclopentadienyltitanium complexes in the styredsoprene
to those observed in styreme-butadiene polymerization. polymerization. The same effect was found by Miyazawa et al.
The average molecular We|ghts are in the range%kDa' in the CiS—1,4-SpeCifiC pOIymerization of iSOprene USing the
and the PDI values are typical of copolymers by single site CsHa('Bu)TiCl; catalyst at ambient or lower temperatét@hey
catalysts. The copolymers are solid at high concentration of found that the alkyl substitution at the cyclopentadienyl ring
styrene (runs 2224) and waxy when the isoprene concentration increased the polymerization activity in styrene, butadiene, and
is increased up to 77.0 mol % (runs-180). All copolymers isoprene polymerization. Moreover, living properties were found
are completely soluble in hexane, THF, or chloroform, also in butadiene polymerization carried out-25 °C, in agreement
when styrene concentration approaches as high values=as with the pioneering studies of Soga et al. on butadiene
0.70. polymerization catalyzed by CpTigt

In Table 3 a styren&o-isoprene polymerization run catalyzed

Copolymerization of Styrene with Isoprene.Copolymer-
ization of styrene with isoprene was thus attempted under
conditions comparable to those used in styreadutadiene for
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Table 4. Chemical Shift Additive Factors

unit carbon position factor (ppm)
styrene o(D) 16.4
B(D) 7.2
7(®) —-18
cis-1,4-isoprene Fa)? —2.44
C(p)? 0.17
C(y)? —0.12
pc(Me) 5.06
yc(Me) -1.61
y'c(Me) 1.2
trans-1,4-isoprene )2 3.00
T()? 0.05
T(y)2 -0.41
pr(Me) 7.32
yt(Me) —2.06
y'T(Me) —4.44
3,4-isoprene Wa)? 14.55
V(p)2 5.46
V(y)2 —2.40
pv(Me) 3.91
yv(Me) —1.61

a Additive shift factors reported by Sato etZl.

Nomura et al. extensively studied the effect of 2,6-substituted
aryloxo ligands on the performances of monocyclopentadi-
enyltitanium complexes in styrene polymerizat®dnThese

authors proposed that this class of ligands could enhance both

stereospecificity and activity of the titanium catalysts in styrene
polymerization. Our results confirm the increased activity in
isoprene and styrenas-isoprene polymerization by titanium
compounds carrying substituted aryloxo ligand. A possible
explanation of this phenomenon is that this ligand, as well as
the alkyl substitution at the cyclopentadienyl ligand, increases
the reaction rate leading to Ti(lll) active species determining
an increased molar concentration of the active catalyst in the
polymerization conditions. Further studies on this subject are
in progress and will be reported elsewhere.

NMR Characterization of Styrene-co-isoprene Polymers.
Structural characterization was carried out in order to establish
monomer insertion and distribution in the copolymer chain. The
chemioselectivity of isoprene insertion was evaluated by
integration of the!'H NMR resonances diagnostic of 1,4- and
3,4-insertion which produce signals at 5.15 and 4.78 ppm,
respectively. The compositions of styrene (S), 1,4-isoprang (I
and 3,4-isoprene {k) are given in Table 3. The 3,4-vinyl

isoprene content is roughly constant and changes from 2.2 mol

% (run 18,xs = 0.50) to 5.4 mol % (run 15¢ = 0.23). The
concentration of regioirregular (head-to-head or tail-to-tail)
isoprene units in the copolymer chain is slightly higher (26.0
mol %) than that observed in the homopolymer. Although the
polyisoprene byl catalyst did not exhibittrans-1,4-units,
isolated units with this stereochemistry are found in the
copolymers in concentrations of 2:8.5 mol %.

A full characterization of these copolymers was thus at-
tempted by*3C NMR spectroscopy. It is worth noting that few
data are currently available in the literature for experimental
and theoretical®*C NMR chemical shifts of styrenes-isoprene
polymers. The Grant and Paul rules maodified for branching and
unsaturated carbercarbon bond position and additive shift
factors properly calculated in stereoirregular styreaésoprene
polymers by anionic proces£édailed in attributing the'3C
NMR signals observed in the spectra of the copolymers by
1/MAO catalyst.

To definitively assign at triad level tH8éC NMR resonances
in styreneeo-isoprene polymers by syndiospecific styrene
polymerization catalyst, we preliminary determined additive shift

Copolymerization of Styrene with Butadien&093

Table 5. Selected3C NMR (CDCl 3, 400 MHz, 25°C) Chemical
Shifts Determined for the Monomer Triads in the
Styrene<co-isoprene Polymers by 1/MAO

chemical shift (ppm)

line sequence obsd calcl lit.c AO
1 Ts 16.2 15.8 0.4
2 Vs 18.8 18.7 0.1
3 GCs 23.7 23.2 0.4
4 SCa 26.0 26.2 -0.2
5 T.C 26.4 26.4 0.0
6 CGC 26.6 26.7 -0.1
7 SGC 26.8 27.0 -0.2
8 C,Cd 28.6 28.5 0.1
9 SGS 29.9 30.1 -0.2
SGC
10 CSG 30.1 30.2 -0.1
SSG
VC, 29.9 0.2
11 CCy® 30.8 30.7 0.1
12 Qv 315 31.3 0.2
13 CGC 324 32.1 0.3
CGCiS 32.4 0.0
14 CGS 34.2 33.6 0.6
C4SS
SGsS
15 CsC 34.4 34.1 0.3
16 GSC 35.6-35.8 35.3 0.3
T4SC 35.7 0.1
17 SSC 36.1 35.8 0.3
18 ST 38.0 37.8 0.2
19 Ci:S 39.3 39.2 0.1
20 CT 40.2 39.9 0.3
21 SSS 40.8 40.6 0.2
22 SSC 40.9 42.8 -1.9
23 CS;S 411 41.7 —0.6
24 SVS 42.1 43.1 -1.0
25 CSS 43.7 43.3 0.4
26 CSS, CS;S 43.9 43.5 0.4
27 SSS 44.1 43.9 0.2
28 SVs 44.4 44.6 -0.2
29 VS C 44.8 44.8 0.0
30 CsC 46.6 45.7 0.9
31 TVsC 46.8 47.1 -0.3
32 CVsC 48.2 47.8 0.4
33 VSV 48.4 48.5 -0.1

aThe numbering and symbols are those indicated in Scheth€femical
shift values calculated in this work using the procedure explained in the
text. ¢ Chemical shift values reported in ref 24Cis—cis tail-to-tail junction
(—CHz—C(CHz)=CH—CH,—CH;CH=C(CHz)—CH,—). © Cis—cis head-to-
headjunction{ CH,—CH=C(CHg)CH,—CH,C(CHs)=CH—CH,—). f Chem-
ical shift reported in ref 10.

factors for the substituents of the main chain, namely the phenyl
group and the methyl of the isoprene unit.

The additive shift factor for the methine carboa({)],
carrying the aromatic ring, was calculated by subtracting the
reference value of 29.6 ppm, corresponding to the methylene
carbon $s of a polymethylene chain, to the experimental value
of the methine carbon atom EBS observed at 46.00 ppm in
styreneeo-ethylene polymerd’ The same approach permitted
the chemical shift additive factors fgi{(®) andy(®), corre-
sponding to the additive factor for the aromatic ringiandy
position to an assigned methylene carbon, to be calculated using
the reference values of the methylene carbon atomsEHES
(36.83 ppm) and EESEE (27.85 ppm). These shift factors are
in good agreement with the values determined by Sato et al. in
low-molecular-weight model compounéfs.

The contribution of the methyl groups@ the 5-position to
the methylene carbon;®f the cis-1,4-isoprene unitfc(Me)]
was calculated by subtracting the experimental values of the
methylene carbon CC in cis-1,4-polybutadiene from the shift
value of the same carbon atomdis-1,4-polyisoprene. Analo-
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Figure 2. Aliphatic region of the!3C NMR solution spectra (400 MHz, CD£I125 °C, TMS, ¢ in ppm) of the styreneo-isoprene polymers
obtained with (a) anionic polymerization promoted uLi in hexane (% S= 48.0) and (b)l/MAO catalyst (run 18, % S= 49.9). The signals
are labeled according to the numbering and the symbols used in Table 5. The signals labeled with an asterisk correspoitditid greup

carbons.

gously, thefr(Me) was calculated on the basis of the chemical Scheme 3

shift value of the methylene carbon of the ilTTtriad in trans-

1,4-polyisoprene andrans-1,4-polybutadiené?® The yc(Me) R

additive factor was calculated by subtracting both the chemical

shift values of the gC (cis-1,4-cis-1,4-butadiene diad) and the —

pc(Me) value from the shift value of ‘¢ of the head-to-head

regioirregular isoprene dia¢d CH,—CH=C(CHz)CH,—CH,C-

(CH3)=CH—CH,—.2* The y'c(Me) shift factor, corresponding

to the deshielding of the {3nethyl group at the £of the same

isoprene unit, was calculated by subtracting the chemical shift

of C,4C to the value of the same carbon in a regiorregular tail-

to-tail isoprene diad* Thus, theyr(Me) of the trans1,4-

isoprene was calculated by comparison of the experimental saturated group in the main chain. The calculated and experi-

values of GC (26.60 ppm) and 4C (26.4 ppm) resonances; mental chemical shifts as well as the corresponding attributions

the y't(Me) effect by comparison of the,T signal intrans of the 13C NMR chemical shifts of the saturated carbon atoms

1,4-polybutadiene (32.90 ppm) atrdns 1,4-polyisoprene (26.9  are listed in Table 5 and displayed in Figure 2 (the numbering

ppm)2° Finally, the By(Me) shift factor was obtained by and symbols are those indicated in Scheme 2).

evaluating the chemical shift difference of the methine carbon  Herein we report two examples that show how the chemical

CV3C (48.14 ppm?¥*in polybutadiene and polyisoprene assum- shift of the carbon atoms in styreme-isoprene polymers can

ing that thedc(Me) values of the adjacent isoprene units are be calculated, namely those of the methylene carbon€ (IiBe

negligible. The additive shift factors above calculated are listed 15) and CSg (line 10) of the CSC triad (Scheme 3).

in Table 4; in this table the additive shift factdf¢n) [F = C, For the former, the methylen€C signal C$C, detected at

T,V; n=q, f3, v) proposed by Saféfor the effect of a double 35.7 ppm in styreneo-butadiene polymers, is used as starting

bond withcis, trans,or 1,2-vinyl configuration on the chemical  valuel® The chemical shift of the same carbon atom in styrene-

shift of a carbon atom of the main chain are also reported and co-isoprene polymer is obtained by adding thgMe) shift

used in our calculations (see above). factor (—1.61 ppm) to give an expected chemical shift of 34.1
Thus, we defined a method for predicting thé&¢ NMR ppm. With regard to the chemical shift of the methylene carbon

chemical shift values in styrerm-isoprene polymers based on  CSG the starting value is that of the;6C signal at 25.11 ppm

the chemical shifts previously determined in styreoesuta- in styreneeo-butadiene polymer; there tife(Me) shift factor

diene polymers by titanium catalysts implemented with the (5.06 ppm) has been added to lead to an expected value of 30.2

additive shift factors determined by Sato and in this work. This ppm.

method would account for (i) the syndiospecificity and second- It is noteworthy that the monomer sequences are oriented

ary insertion of styrene, (ii) the elevate$-1,4 chemioselectivity because of the secondary insertion of styrene and 3,4-vinyl and

of the titanium catalyst, and (iii) the conformational effect of cis-1,4 of the isoprene (see, e.g., the CSC sequence in Scheme

the copolymer chain comprising phenyl substituents and un- 3).

~

C S C

R =H, CH,
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Figure 3. AFM micrograph (height image) of thin, spin-coated film

of (a) styreneco-isoprene polymer sampl20, xs = 0.65 (scan size:
863 nm), and (b) styrenes-butadiene polymer sampliS3, xs = 0.81
(scan size: Gum), stained with Os@®

The 13C chemical shifts diagnostic of the monomer triads

containing isolated styrene units, namely G$idie 10), CSC

(line 15), and GSC (line 16), were calculated using the method

above-described. The agreemefAd] between the calculated

Copolymerization of Styrene with Butadien&095

Table 6. Composition in Diads, Reactivity Ratios, and Average
Styrene Block Length for the Styreneeo-isoprene Polymers
(Samples 15, 18, and 24)

copolymer composition
in diads (mole fractior?)

run fa2  [SS] [ [SI] [1S] r r rirz  ns

15 3 010 066 011 012 17 03 51 19
18 6 025 046 016 013 19 03 57 23
24 12 045 023 016 016 17 02 34 41

a s/l molar ratio in the monomer feed (reaction solutiofgjvaluated
according to the procedure described in the Experimental Section.

of the SSS triads are spread in the ranges 4048695 ppm
(SSS) and 43.86-44.40 ppm (S§£5) because of the stereoir-
regular placement of styrene units. Moreover, the content of
trans-1,4-units in this copolymer is notably highef & 13.8

mol %), and the resonances due to this monomer unit at 16.2
(Ts, line 1, Table 5), 26.4 (IC, line 5), 37.8 (ST, VT4, linel8),
40.2 (CTy, line 20), and 46.8 ppm (TAC, line 31) and that at
39.9 ppm corresponding to the methylene carbon of the TT
diac®* appear with increased intensity. In the copolymer by
1/MAO only signals attributed to isolated T units are detected
because of the elevated chemioselectivity of the catalyst.
Moreover, the'3C signals corresponding to the monomer triads
comprising the syndiotactic styrene diad are sharper and well-
defined whereas those diagnostic of regioirregular insertion of
isoprene units are only observable in the spectrum of Figure
2b (lines 8 and 11).

Attempts to evaluate the reactivity ratios by means of the
Finemann and Ross method failed because the concentration
of the head-to-head and tail-to-tail regioirregular isoprene units
is elevated, and the kinetics of the styres@eisoprene polym-
erization catalyzed b{t/MAO cannot be described through a
simple scheme of a binary copolymerization. Thus, we evaluated
the reactivity ratios for three samples, namely 15, 18, and 24,
representative of the composition range of the copolymer
synthesizedXs = 0.23, 0.50, 0.73), using the method above-
reported. In Table 6 the diad concentration, the reactivity ratios
r1 = ky/kis andr, = ksdks), and the reactivity ratio product
rirp, calculated on the basis of the composition of these
copolymers, are reportéd.

and experimental values for these signals is very good (see Table Ther; andr, values are about 18 and 0.3, respectively, with
5). With regard to the monomer triads including the syndiotactic an average reactivity ratio product of 4.7. Although the absolute

SS diad, the two pairs of methylene carbons, namely;38@
10) and SEC (line 17) as well as £5S (line 14) and CS

value is higher than unity and suggests a tendency toward
blockiness of the monomer distribution in the polymer chain,

(line 26), produce signals with equal intensity, and the agreementit is significantly lower than that found in styrem®-butadiene
between the calculated and experimental chemical shift valuespolymerization and supports a closer reactivity of styrene and

is satisfactory. The methylene €Ssignal is partly overlapped
with the methine CS signal, but the twd3C NMR signals

isoprene. In particular, their, value found in styreneo-
butadiene polymerization is higher of at least 1 order of

can be distinguished by DEPT NMR experiments. The spectral magnitude than that found in styrene-isoprene polymeriza-

lines 4 and 23 account for regioirregulais-4,1-enchained

tion. To gain a closer insight into the monomer distribution,

isoprene units (§:3°the agreement between the calculated and we evaluated the average styrene block lengths using the method

experimental chemical shifts of theC§ and C'S,S monomer
sequences is also good. Unfortunately, @€i&S signal (line

26) overlaps other methylene signals in the spectral region43.5

44.0 ppm and thus cannot be unequivocally assigned.
The comparison of th&C NMR spectra of two styrenes-

based on the copolymer composition defined at triad level (see
Table 6)1931 The highest average value f is about four Xs

= 0.73), thus too short to produce segments of crystalline
syndiotactic polystyrene. As a matter of fact, the styreoe-
isoprene polymers b/ MAO catalyst are completely amorphous

isoprene polymers (Figure 2), produced with the same styreneunder the range of compositions explored.

molar fraction by means of different synthetic procedures,

namely anionic polymerization promoted BBuLi in hexane

at 50°C (xs = 0.48; Figure 2a) and addition polymerization

catalyzed byl/MAO (run 18;xs = 0.50; Figure 2b), further

Copolymers Morphology. To spread further light on the
morphology and confirm the monomer distribution in the
polymer chain of these copolymers, two representative samples
were analyzed by atomic force microscopy (AFM). The AFM

confirmed our attributions. On inspection of these spectra it can micrograph of Figure 3a corresponding to a film of the
be soon envisaged some differences. In the spectrum of thecopolymer20 (xs = 0.65, Table 3) produced by spin-coating
copolymer by anionic process the methylene and methine signalsof a chloroform solution (2.5 wt %) showed a remarkable
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homogeneity as expected for a pseudo-random distribution of techniques and a MBraun drybox. Commercial grade toluene (Carlo
the two monomers. Erba) was dried over calcium chloride, refluxed 48 h under nitrogen
On the contrary, the styrerm-butadiene polymer with the ~ atmosphere over sodium, and distilled befpr_e use. Polymerization
same composition (sample 12 = 0.77, Table 2) exhibits a grade 1,3-butad|(_ene, purchas_ed from Soci@ssigeno _Napoll_
phase-separated morphology of the hard and soft domains(S:O:-N-). was dried by passgg through a column filled with
consisting of syndiotactic polystyrene agi-1,4-polybutadiene, activated molecular sieves (3 A). Isoprene (Aldrich) and styrene

. ) : . . (Aldrich) were purified by distillation over calcium hydride and
respectively. The film by spin-coating of the chloroform solution ;0 aq under nitrogen at20 °C. Methylaluminoxane (MAO) was

of this sample, stained with Og(exhibits domains ofis-1,4-  pyrchased from Witco as a 10 wt % solution in toluene. Powder
polybutadiene with average dimension of nearly 862 nm (Figure sample of MAO ¢-MAO) was prepared by distilling off the toluene
3b) detected as dark spots in the AFM micrograph. Multiblock and not coordinated trimethylaluminum followed by washing with
copolymers consisting of atactic polystyrene and segments ofhexane and drying in a vacuum. CpTiGAldrich) and OsQ (4
cis-andtrans-1,4-polybutadiene, produced by reactive extrusion, wt % water solution, Aldrich) were used as received. The titanium
showed similar morphology: the presence of spheres of complex1 was prepared accordlng_to the literature procedtre.
polybutadiene of a few tenths of a nanometer was observed after Polymerization of Styrene, Butadiene, and IsopreneStyrene,
heating of the sample at 10TC.32 Few examples of block butadiene, and isoprene polymerizations (Tables 1) were carried

: : : _ outusing the following typical procedure. A 100 mL flask equipped
styreneeo-diene polymers including stereoregular styrene ho ith a magnetic stir bar was charged with toluene, monomer (1.5

“9 - Wi

mosequences have been reported and studied in detail. Diblock 10-2 mol), and MAO (AI/Ti molar ratio= 1000) solution (runs

copolymers of isotactic polystyrene and polybutadievig(PS) 1-3) or d-MAO (runs 4-6) to reach the total volume of 40 mL.

= 41 kDa; My(PB) = 11 kDa) showed the formation of  after equilibration of the solution at 5UC, the reaction was started

polybutadiene particles of hundred nanometers after molding by injection of a toluene solution df (11 mg, 2.2x 1075 mol, 2

at 260°C followed by quenching at ambient temperattie. mL of toluene) and stopped by addition of ethanol acidified with
The study of microphase separation in block copolymers of aqueous HCI after 20 min. The polymer was coagulated in acidic

styrene and diene is of technological and scientific interest; the (HCI) ethanol, containing the antioxidant Wingstay K (6475

detailed characterization of the morphology in styrene- phr). The polymer is finally recovered by filtration, washed with

butadiene polymers by this titanium catalyst is in progress and Tesh ethanol, and dried in a vacuum at room temperature.
will be reported elsewhere. Styrene-co-butadiene Polymerization A typical polymerization

procedure is reported. A 100 mL flask equipped with a magnetic
Conclusions stir bar was charged with MAO (10 wt % toluene solution, Al/Ti

. i . . . = 1000), a toluene solution of butadiene (9 mL, 1.66 M), styrene
Syndiospecific styrene polymerization awis-1,4-specific (15 mL; styrene/butadiene molar ratio10), and toluene to reach

polymerization of butadiene and isoprene have been reporteda total volume of 40 mL. After equilibration of the solution at 50
with the monocyclopentadienyltitanium catalystVMAO. A °C the reaction was started by injection of a toluene solution (2
significant effect of trimethylaluminum on the catalyst perfor- mL) of 1 (11 mg, 2.2x 105 mol). The run was terminated by
mances has been observed: the alkylaluminum compoundaddition of ethanol (15 mL) after 1 h. The polymer was coagulated
increases the polymer yields but produces a broadening of thein acidic (HCI) ethanol containing the antioxidant Wingstay K (0.5
PDIs of the polymer products likely as a consequence of a 0.75 phr) and finally, rec_ove_red by filtration, washed with an excess
reaction with the active species. Syndiotactic polystyreme- ~ ©f fresh ethanol and dried in a vacuum at room temperature.
cis-1,4-polybutadiene multiblock polymers were synthesized Styrene-co-isoprene Polymerization A typical polymerization
with the /MAO catalyst, and the microstructure assessed by procedure is reported. A 100 mL flask equipped with a magnetic

13C . stir bar was charged with MAO (10 wt % toluene solution, Al/Ti
NMR spectroscopy was found similar to that produced by —3000), 17.2 mL of styrene), 2.3 mL of isoprene (styrenefisoprene

classical monocyclopentadienyltitanium catalysts. A phase- molar ratio= 7), and toluene to reach a total volume of 35 mL.
separated morphology showing domaingisf1,4-polybutadi-  After equilibration of the solution at 5TC the reaction was started
ene with an average diameter of 800 nm included in a matrix by injection of a toluene solution (2 mL) df(11 mg, 2.2x 1075

of syndiotactic polystyrene was shown for the first time. This mol). The run was terminated by addition of ethanol (15 mL) after
result confirmed the multiblock structure of the copolymer chain 1 h. The polymer was coagulated in acidic (HCI) ethanol containing
anticipated by DSC analysis and kinetic investigation of the the antioxidant Wingstay K (0:50.75 phr) and, finally, recovered
copolymerization reaction. Indeed, melting points of the syn- by filtration, washed with an excess of fresh ethanol, and dried in
diotactic polystyrene domains were found in the range-235 & Vacuum at room temperature.

254 °C, and the product of the reactivity ratios determined by e ﬁir"OQ:jC stfge:ﬁ:ao'sgt?ée;ﬁ nggngﬁfrnﬁ dl\?v(i)trznt&efgsnke 20
NMR methods is much larger than unity. quipp g 9

. . . mL), styrene (5 mL), isoprene (4.4 mL), afBuLi (1.2 mL, 2.5
The performances dfin styreneeo-isoprene polymerization ;i hexane). The polymerization was terminated rafteh by

were also investigated. A full characterization of the copolymer introducing ethanol (15 mL) containing the antioxidant (Wingstay
microstructure was defined BYC NMR analysis using properly K, 0.5-0.75 phr). The copolymer was isolated according to the
calculated additive shift factors and chemical shift attributions conventional procedure.

carried out on styrenee-butadiene polymer by monocyclo- Characterization. *H and**C NMR spectra were recorded using
pentadienyltitanium catalysts. The estimated reactivity ngtio @ Bruker AVANCE 400 spectrometer (400 MHz féid and 100
andr, and the styrene average block lengthssuggested a ~ MHz for °C). The polymer samples were dissolved in CPOL5
pseudo-random distribution of the two monomers, corroborated M L, 20 wt %) and analyzed at room temperaturais mmo.d.

by the DSC and AFM analysis of the copolymers. NMR tube. The chemical shifts were referred to tetramethylsilane

These findinas evidenced the peculiar role of the arvioxo (TMS) using the residual isotopic impurities of the deuterated
. i 'ng . pecul y solvent. The microstructure of polybutadiene and polyisoprene was
ligand in conjugated diene polymerization catalyzed by mono- assessed by comparison with literatée The monomer com-

cyclopentadienyltitanium compounds. position of the styrenee-butadiene polymers were determined by
E . | Secti integration of théH resonances in the following regiod in ppm,
xperimental Section TCDE, 25°C):; 7.07 and 6.56 (3, m, CHbCH(CsHs); 5.58 (H,

General Procedure and Materials All manipulations were m, CH,CH,(CH=CH,), and 5.38 (&I, m, CHLCH=CHCH,). The
performed under a nitrogen atmosphere using standard Schlenknonomer compositions of the styrene-isoprene polymers were
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determined by integration of th#d resonances in the following 161 ff. (b) Tate, P.; Bethea, T. W. Butadiene PolymersEhtyclo-
region (in ppm, TCDE, 25C): 7.25 and 6.50 (3, m, CH,CH- pedia of Polymer Science and Engineeri2gd ed.; John Wiley &
. _ _ Sons: New York, 1985; Vol. 2, p 537 ff.
gf'Hé)’ Séig:::' m, CH(CH;)C=CHCH), and 4.80 (8, m, Ch (3) Hsieh, H. L.; Quirk, R. P. IrAnionic Polymerization Principles and
(CH;)C=CH,). Practical Applications Marcel Dekker: New York, 1996; p 197.

Thermal analysis was carried out on TA Instruments DSC 2920 (4) Malanga, M.Adv. Mater. 200Q 12, 1869.
calorimeter (heating rate 10 °C/min). Molecular weight and molar (5) (a) Ishihara, N.; Seimiya, T.; Kuramoto, M.; Uoi, Mlacromolecules
mass distribution of polymers were determined by gel permeation 1986 19, 2464. (b) Ishihara, N.; Kuramoto, M.; Uoi, Nlacromol-
chromatography (GPC) analysis carried out at°@) using THF eculesl98g 21, 3356. o , _
as solvent and narrow MWD polystyrene standards as reference. (©) ,\F;Ie"eccma’ C., Longo, P.; Grassi, A, Ammendola, P.; Zambelli, A.
. akromol. Chem., Rapid Commut087, 8, 277.
The measurements were performed on a Waters 1525 binary SysteM 7) Grassi, A.; Pellecchia, C.: Longo, P.; Zambelli, azz. Chim. ltal.
equipped with a Waters 2414 RI detector using four columns (range 1987 117, 249.
1000-1 000 000 A). (8) (a) Oliva, L.; Longo, P.; Grassi, A.; Ammendola, P.; Pellecchia, P.
Atomic Force Microscopy. AFM analysis of thin, spin-coated Makromol. Chem., Rapid Commutf9Q 11, 519. (b) Miyazawa, A.;
polymer films were carried out with a Dimension 3100 AFM Kase, T.; Soga, KJ. Polym. Sci., Part A: Polym. Cherh999 37,
(Digital Ins_truments, _Santa_l Barbar_a, CA) qperatlng in tapping mode. 9) Zarﬁbelli, A.; Caprio, M.; Grassi, A.; Bowen, D. Elacromol. Chem.
Commercial probe tips with nominal spring constants from 20 to Phys.200Q 201, 393.
100 N n7%, resonance frequencies in the range-2800 kHz, and (10) Caprio, M.; Serra, M. C.; Bowen, D. E.; Grassi, Macromolecules
tip radius from 5 to 10 nm were used. Topographic and phase 2002 35, 9315.
contrast AFM images (image size: m'] x 20 [um) of Sample (11) Natta, G.; Porri, L.; Fiore, LGazz. Chim. Ita|1959 89, 761 Chem

- LS - Abstr.196Q 54, 117500).
were acquired in air at room temperature using a data scale of 1(12) Natta, G.; Porri, L. Corradini, P.: Morero, Bhim. Ind.(Milan, Italy)

um for the height and 60for the phase. 1958 40, 362 Chem. Abstr1959 52, 86086).
Sample preparation: two or three drops (140 of a 2.5 wt % (13) Nakayama, Y.; Baba, Y.; Yasuda, H.; Kawakita, K.; Ueyama, N.
solution in chloroform of the copolymer were spin-coated on a glass Macromolecule003 36, 7953.

surface for 15-20 s under ambient conditions at a speed of 1600 (14) Zhang, L.; Luo, Y.; Hou, ZJ. Am. Chem. So2005 127, 14562.

rpm. The samples were analyzed by AFM soon after their (15) Pellecchia, C.; Proto, A.; Zambelli, Macromoleculed992 25, 4450.

preparation. The styrer@-butadiene polymer sample was exposed (16) Sogﬁez-lﬁnaﬁrgey, M. fﬁ.e’;‘z’gb TézF;ngj L. M. CasiarO.;

9 lution) for 25 min and then scanned Srowerk, norganomeatic .3 AN ) :

to QSQ_Vapors (Lwt A’W&te'_' solu (17) (a) Zzambelli, A.; Pellecchia, C.; Oliva, L.; Longo, P.; Grassi, A.

to identify the rubber domain. Makromol. Chem1991, 192, 223. (b) Pellecchia, C.; Grassi, Aop.
Evaluation of Reactivity Ratios. Ther; andr, reactivity ratios Catal. 1999 7, 125.

in styreneeo-butadiene polymerization were calculated using eqs (18) Grassi, A.; Saccheo, S.; Zambelli, A.; Laschiliacromolecule4998

1 and 2 and copolymer composition defined at the diad [&Véke 31, 5588.

molar fractions of the diads SS, BS, and BB were determined by (19) fégnlbfg'g’Z‘égéoéﬂa’ﬁgft?gﬁé’éf i;hgr“e\ﬁ.’ Racromol. Chem. Phys.

integration of the following*3C NMR signals: (20) (a) Porri, L.; Giarrusso, A. IrComprehensie Polymer Science
Eastmond, G. C., Ledwith, A., Russo, S., Sigwalt, P., Eds.; Pergamon
[SS]=SS;S Press: Oxford, UK, 1989; Vol. 4, Part II, p 53. (b) Porri, L.; Giarrusso,

A.; Ricci, C.Prog. Polym. Sci1991, 16, 405. (c) Porri, L.; Giarrusso,
A.; Ricci, C.J. Polym. Sci., Part AL994 36, 1421. (d) Guerra, G.;

1
[BB] = /,C,C Cavallo, L.; Corradini, P.; Fusco, Rlacromolecules.997, 30, 677.
(e) Peluso, A.; Improta, R.; Zambelli, AMacromolecules1997, 30,
BS] = 4 + 2219. (f) Costabile, C.; Milano, G.; Cavallo, L.; Guerra, Bacro-
[BS]=SSC+CSS+CSC molecules200], 34, 7952.
. . o (21) Minieri, G.; Corradini, P.; Zambelli, A.; Guerra, G.; Cavallo, L.

Analogously, ther; andr; in styreneeo-isoprene polymerization Macromolecule2001, 34, 2459.
were evaluated by using the following relationships: (22) Sato, H.; Takebayashi, K.; Tanaka,Macromoleculed987, 20, 2418.
(23) Wang, H.; Bethea, T. W.; Harwood, H.Macromolecule4993 26,

[SS]=2SSS+ SSC+ CS,S+ CS,S 715.

(24) Sato, H.; Ono, A.; Tanaka, Yolymer1977, 18, 580.
(25) Miyazawa, A.; Kase, T.; Shibuya, J. Polym. Sci., Part A: Polym.
[l =2CcC+C,C +CT+CV+SCC Chem.2004 42, 1841. Although the microstructure of polyisoprene
by CsH4('Bu)TiClz and CpTiC} catalysts was previously described
in this reference, there is no mention of regioirregular isoprene
enchainments. When we repeated the isoprene polymerization with
CpTiCl/MAO in the same experimental conditions, the polymer
[IS]=CSS+CSsS+CSC+CCS+C,;S microstructure was found similar to that producedItyAO with a
molar concentration of head-to-head and tail-to-tail enchainments of
. - cis-1,4-isoprene units of 20.7 mol %.
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