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&»  Global Demand for Polyolefins

2006: 111 million tons 2020: 200 million tons
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Source: 2007 National Petrochemical and Refiners Association Report

HDPE - high density polyethylene

LDPE - low density polyethylene

LLDPE - linear low density polyethylene (+15% / yr) (SSC)
PP - polypropylene (SSC)

SSC - single-site transition metal catalyst
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gs.) Unpredictable Nature of Mature Markets

Polymer Grade Propene ($/mt)
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ANeed to mitigate supply and demand fluctuations
AMust meet cost constraints
ASearch for new, less mature, polyolefin markets



Limited Toolset for Improvements

Raw Materials (Monomers)

a. Major: Ethene (C,), Propene (C,)
b. Minor: 1-Butene (C,) and 1-Hexene (Cy)
c. Supporting: Other 1-Alkenes (C,,.,)

Transition Metal Catalysts

a. Limiting Structural and Synthetic Landscape
b. Cost and Efficiency

Polymerization Processes

a. Control of Mechanistic Pathways
b. Scalability
c. Reproducibility
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Stereoengineering of Polypropene Microstructure
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De Rosa and Resconi et. al. J. Am. Chem. Soc. 2004, 126, 17040-17049




& One Catalyst i Many Materials

Base Stock Oills Thermoplastic Elastomers

amorphous polypropene stereoblock polypropene

Infinite number of grades possible.



&9 Living Coordination Polymerization

Key Advantages:

AChain Growth Process

APropagation in the absence of termination
AControl of molecular weight and microstructure
AVery narrow polydispersities (e.g. < 1.1)

ANew fundamental forms for polyolefins i block,
graft, comb architectures

AApproach to Precision Polyolefins from C, and C,

Commercial Achilles Heel:
One-chain-per-metal-site requirement (liability)




@ﬁ) Two-State Living Polymerization

State 1 B State 2
[M-PAI"A] — [M-PAT'[A]
active active
monomer monomer
Spectrum
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If: Kex >> Ky (k, ) Then: ¢, = [monomer] . p(=m,/M,)° 1+ k,

[active sites], Kex

ABoth active states effectively propagate at the same rate!
AExternal control over n,, vs. n, (N, )
= external control over polymer structure




@ Dynamic Living Coordination Polymerization
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Two-State Systems

1. Living Stereomodulated Degenerative (Group) Transfer
Coordination Polymerization T Stereochemical
microstructure engineering

2. Living Coordinative Chain Transfer Polymerization
(LCCTP) i Solution to one-chain-per-metal limitation

3. LCCTP with Dynamic Counteranion Exchange (DCE) 1
Modulation of Comonomer Reactivity Ratios.



High Yielding Synthesis of Initiators

M =Ti, Zr, Hf
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S) Neutral Species: Configurationally Unstable

Solid-state structure

Shorthand: Cp*Zr, Et, t-Bu

Selected Bond Lengths (A)
Zr1)i N(1)  2.251(3)
Zr1)i N@2)  2.265(2)
Zr1)i C(14)  2.273(3)
Zr(1)i C(15)  2.272(3)

In solution: facile metal-centered racemization

\SQ DG/ = 10.9 kcal mol?, ﬁ

| | T.= 223K |
,——/Zr {"Meb . AN I "\"'Meb

N° < N” /
N> Me, /9N>1\Mea
(R)-enantiomer (S)-enantiomer

[Assessed by variable temperature *H NMR]



({ﬁ) Isospecific Living Polymerization of 1-Hexene

Cp*Zr, t-Bu, Et Living Polymerization

NG N [PhNMe;HI[B(CeFs)al

chlorobenzene, -10° C

C, = [monomer],
[Zr],

D=M,/M,<1.1

13C NMR (125 MHZz) of isotactic poly(1-hexene) 13C NMR of 13C-labeled living polymer

mmmm >99% (a > 0.99)

Octyl

configurationally stable | |

. i, e e T
P e o o L PP e 1™ neted

88 86 84

Jayaratne, K. C.; Sita, L. R. J. Am. Chem. Soc. 2000, 122, 958. Jayaratne, K. C.; Sita, L. R. ibid. 2001, 123, 10754.



(S} Microstructure Relationships
'S (13C NMR Stereochemical Analysis)

ISO- - iso-polypropene i d (C
Precatalyst ISO-poly(1-butene) iso-polyprop i d(Cy)
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ISo-poly(vinylcyclohexane) Living polymerization

y =0.023x - 0.02
R =0.999

60 80 100 120
time (min)




&

Origin of Stereoselectivity

Kiso (Site-isomerization) >>> k,, (propagation) >> Kk, (epimerization)>>>>> k, (termination)
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(S} Stereomodulation of Microstructure
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- 13C{IH} NMR (125 MHz, C,D,Cl,, 70° C) of PP methyl regi
Microstructure {"H} ( z, C,D,Cl, ) of PP methyl region
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@ Degenerative Group Transfer Polymerization

I\Ille ) I\I/Ie
[Z]"-P; ' [zr-p; =X [z-p;,  *  [Z0-P
active dormant dormant active

\Y M
w Arapid, reversible methyl group transfer w

Aactive state:  configurationally stable
Adormant state: rapid metal-centered epimerization

K
If: kepi(DS) , Kex >> kp Then: Xp = (Ml - D=1 +—b

[Zr]ior Kex

ABoth active and dormant states effectively propagate at the same rate!
ABimolecular control over stereochemical microstructure!

Zhang, Y.; Keaton, R. J.; Sita, L. R. J. Am. Chem. Soc. 2003, 125, 9062.
Harney, M.; Zhang, Y.; Sita, L. R. Angew. Chem. Int. Ed. 2006, 45, 2400.
Harney, M.; Zhang, Y.; Sita, L. R. Angew. Chem. Int. Ed. 2006, 45, 6140.
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Harney, M.; Zhang, Y.; Sita, L. R. Angew. Chem. Int. Ed. 2006, 45, 2400



& 13C NMR Stereochemical Analysis

Programmable Stereoerror Level 13C {H} NMR (125 MHz, C,Cl,D,, 70 C)

% activation

Harney, M. B.; Zhang, Y.; Sita, L.R. Angew. Chem. Int. Ed. 2006, 45, 6140-6144




f ﬁ) Stereomodulated Living Polymerization

Engineering of Polyolefin Stereochemical Microstructure

atactic

isotactic
e I controlled mr

Cl_symmetric stereoerror incorporation
N e (chiral at metal)
L]
_
discrete, multiblock

Isotactic-atactic stereoblock isotactic-atactic stereogradient

Minireview: Sita, L. R. Angew. Chem. Int. Ed. 2009, 2464-2472.



ff) Isomeric Stereoblock PP Elastomers
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@7;\) Stress 1 Strain Curves
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Harney, M. B.; Zhang, Y.; Sita, L.R. Angew. Chem. Int. Ed. 2006, 45, 2400-2404



(in collaboration with John Rabolt and coworkers, U Del.)

@ Electrospinning of Stereoblock PP Fibers

e B V-~ 200-300kDa

= - iSO iso (mmmm = 0.71)

IS012-a76-is012 (24% iso)

1IS018-a64-i1s018 (36% iso) 1IS020-a47-is033 (53% is0)

Macromolecules 2011, 44, 471-482



