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ActiveActive SitesSites

Lewis Acidity/Electrophilicity: Preferably Cationic Metal

Facile Activation by Cocatalysts (AlR3, MAO, MgCl2, …) 
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Enantiomorphic Site Control
Chain End Control
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StereoselectiveStereoselective PropylenePropylene PolymerizationPolymerization
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StereoselectiveStereoselective StyreneStyrene PolymerizationPolymerization
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sPS Production: Idemitsu and Dow Plastics 
World market:  5000 t/a (1996)

20-80,000 t/a (2000-2002)
15,000 t/a (2005) ?!

High-tech engineering material
thermomechanical properties (high 
melting transition; brittleness) to be 
improved for easier processing

sPS Applications: electronics,  
food contact and consumer uses

SyndiotacticSyndiotactic PolystyrenePolystyrene: : ApplicationApplication

Giulio Natta (1903-1979)

StereoregularStereoregular StyreneStyrene PolymerizationPolymerization

[TiCl3,4 / AlEt3]
... ...

Isotactic (iPS)
Tg = 92 °C, Tm = 240 °C
low crystallization rate

Natta, Corradini, Makromol. Chem. 1955:
„Kristallstruktur des isotaktischen Polystyrols“

Nobel Prize 1963
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on the NMR time scale:
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CharacterizationCharacterization of a of a StableStable Methyl Methyl CationCation

1H NMR: 1.32 ppm
13C NMR: 88.6 ppm
31P NMR: 19.8, 32.8 ppm

[H3CB(C6F5)3]-

distorted pentagonal bipyramidal

Angew. Chem. Int. Ed. 2007, 46, 8507.
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Living Isospecific Styrene Polymerization

Organometallics 2006, 27, 3019

O
Ti
O

R
R

Me

Me

S

S
B(C6F5)3

H

/

R = CH2Ph

n/2-1

n

R

0 10 20 30 40 50 60 70
0

20

40

60

80
 

% - Conv

M
n x

 1
0-4

1.0

1.2

1.4

1.6

1.8

2.0

2.2

M
w
/M

n

                                                                                     (ppm)
144.50145.00145.50146.00146.50147.00147.50

mmmmmm
(80%)

mmmmmr (10%)

mmmmrr (6%)

mmmrrm (4%)

2.197.9
PrPm

Tacticity

13C NMR: Heptad level analysis

Δ, S, S      Λ, R, R

Λ, S, S Δ , R, R

Possible IsomersRacemic, trans

CC22--Symmetrical  Symmetrical  ComplexesComplexes: : DiastereoselectiveDiastereoselective CoordinationCoordination
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CC22--Symmetrical  Symmetrical  ComplexesComplexes: : OpticalOptical ActivityActivity
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25 = -140 ° (CH2Cl2)

S

S

S

S OH

tButBu

OH

tBu
tBu

O

O

S

tBu
tBu

tButBu

Ti Cl
Cl

S

S
S

O

O
S

tBu

tBu

tBu
tBu

Ti Cl
Cl

S
R

R

S

S

R

R OH

tButBu

OH

tBu
tBu

[α]D
25 = -74.3 ° ; mp = 115 oC

[α]D
25 = +140 ° (CH2Cl2)

300 400 500 600

60

40

20

0

-20

-40

-60

 (Δ,R,R)
 (Λ,S,S)

Δε
 / 

10
00

 c
m

2 m
ol

-1
λ (nm)

240 260 280 300 320 340 360 380 400 420

-12

-10

-8

-6

-4

-2

0

2

4

6  (R,R)-Ligand
 (S,S)-Ligand

Δε
 / 

10
00

 c
m

2 m
ol

-1

λ (nm)

1000 10000 100000 1000000 1E7
-0,01

0,00

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0,08

0,09

0,10

0,11   iPS, Mn = 17.000 g/mol
  iPS, Mn = 118.000 g/mol
  iPS, Mn = 887.000 g/mol

R
I-S

ig
na

l [
a.

u.
]

logM [g/mol]

HT GPC in 1,2,4-Trichlorobenzene;

RI Detection, PS Calibration

Isotactic Polystyrene: Chain Transfer by 1-Hexene
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Growing iPS chain
terminated by fast
β-H elimination
after α-olefin insertion

Isotactic Polystyrene with
Oligopropylene Endgroups:
Macromolecules 2004, 37, 8918
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OpticallyOptically ActiveActive IsotacticIsotactic PolystyrenePolystyrene ??

σ
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For Homochiral Isotactic Polystyrene No Optical Activity Observed

nucleation
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RingRing--OpeningOpening PolymerizationPolymerization of of LactideLactide

Characteristics:
Controlled/living polymerization
 Large number of initiators (Al, Zn, Mg, Ca, Fe,..)
Recent commercialization using Sn initiators

Monomer from biorenewable sources (Biorefinery)
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PLLA can be processed like thermoplastics into
fiber (using conventional melt spinning processes)
and  film (Tg = 50-65°C ; Tm = 170-190 °C)
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By physically blending the polymer with PDLA

Tm can be increased to maximum of 230°C
Tg can be increased to up to 190 ° C

• 31 or 103 Helix

PLLA
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RingRing--OpeningOpening PolymerizationPolymerization of of LactideLactide
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RingRing--OpeningOpening PolymerizationPolymerization of of LactideLactide

1, X = Me

3, X = OCPh3

Distorted tetrahedral; highly fluxional

Dalton Trans. 2005, 721
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Labile THF coordination;
highly fluxional on the
NMR time scale

Scandium Scandium ComplexesComplexes
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Heterotactic PLA
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Scandium Scandium LactateLactate ComplexesComplexes

(R)-Lactate selectively induces
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Poly(lacticPoly(lactic acids)acids)

• Current production:
ca 140,000 t/a (isotactic)

• Biodegradable and biocompatible 
material with mechanical properties 
similar to PS and PET 

• Packaging and fibers:
– Films
– Containers
– Clothing

• Biomedical applications:
– Cartilage repair units
– Intravascular stents
– Controlled drug delivery

Expansion of Expansion of MetalMetal--LigandLigand CombinationsCombinations
Non-cyclopentadienyl ligands, late transition metals, ...

Expansion of Monomer BasisExpansion of Monomer Basis
α-Olefins, internal olefins, styrene, polar monomers, ...

New New CatalyzedCatalyzed PolymerizationsPolymerizations
Copolymerization, living polymerization, tandem polymerization,...

NovelNovel MacromolecularMacromolecular ArchitecturesArchitectures and and FunctionsFunctions
Block copolymers, chiral macromolecules, ...

SingleSingle--Site Site PolymerizationPolymerization CatalystsCatalysts
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