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AdventuresAdventures in in catalyticcatalytic olefinolefin polymerizationpolymerization
-- or or --

Brave Brave deedsdeeds of of moleculemolecule--tamerstamers

Vincenzo Vincenzo BusicoBusico, DPI SC , DPI SC PolyolefinsPolyolefins
Federico II University of Federico II University of NaplesNaples ((ItalyItaly))

SummarySummary

•• [[ExcusatioExcusatio non non petitapetita]] WhyWhy insistinginsisting withwith polyolefinspolyolefins ??

•• [[SimpleSimple] ] AnswerAnswer #1:#1: BecauseBecause wewe dondon’’t t knowknow enoughenough aboutabout polyolefinspolyolefins

•• AnswerAnswer #2:#2: BecauseBecause wewe dondon’’t t knowknow enoughenough aboutabout organometallicorganometallic
catalysiscatalysis, and , and studyingstudying catalyticcatalytic olefinolefin polymerizationpolymerization isis the the easiesteasiest wayway
toto learnlearn moremore

•• AnswerAnswer #3:#3: BecauseBecause wewe mustmust produce produce talentstalents forfor the the boomingbooming polyolefinpolyolefin
industryindustry worldwideworldwide

•• AnswerAnswer #4:#4: BecauseBecause wewe can can inventinvent lotslots of new of new stuffstuff and and makemake more moneymore money

•• [Personal] [Personal] AnswerAnswer #5:#5: BecauseBecause I I likelike itit and and havehave funfun
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To begin To begin ……

…… a few a few slidesslides of propagandaof propaganda
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Comparative propagandaComparative propaganda

The first The first stepstep: : prepre--catalystcatalyst activationactivation
((ReadRead: : changingchanging a a wellwell--behavedbehaved moleculemolecule intointo a a beastbeast))
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MolecularMolecular control in control in propenepropene polymerizationpolymerization
((TamingTaming the the beastbeast –– ExerciseExercise 1: 1: EnantioselectivityEnantioselectivity))

In some cases, ideal regio- and 
stereostructure (chain ends
detectable, defects undetectable
in 13C NMR spectra !!!)

RefRef.: .: CorradiniCorradini, P. , P. etet al.al. AccAcc. . ChemChem. Res.. Res. 2004, 2004, 3737, 231, 231--241241

Ly Ly
Ly Ly

Ly

MolecularMolecular control in control in propenepropene polymerizationpolymerization ((ctdctd)       )       
((TamingTaming the the beastbeast –– ExerciseExercise 2: 2: PropensityPropensity toto chainchain transfer)transfer)

RefRef.: .: BusicoBusico, V. , V. etet al.al. MacromoleculesMacromolecules 2004, 2004, 3737, 820, 82011--82038203

Living catalyst !LivingLiving catalystcatalyst !!

Project #455Project #455
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MorphologyMorphology control in control in propenepropene polymerizationpolymerization
((…… and and nownow, , ladiesladies and and gentlemengentlemen, , trillionstrillions of of beastsbeasts togethertogether !)!)

SecondarySecondary particleparticle of MgClof MgCl2                                                      2                                                      
(100 (100 μμm m ØØ, , ~~1 1 μμg, g, ~~10101212 primaryprimary particlesparticles))

PrimaryPrimary particleparticle of MgClof MgCl2                                                  2                                                  
(<10 (<10 nnmm ØØ, , ~~11××1010--1818 g)g)

Polymer granule (>1 mm ØØ)

(after pre-polymerization)

TOF >1016 s-1TOF >10TOF >101616 ss--11

After the propaganda After the propaganda ……

…… the hard the hard realityreality
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We understand a catalyst when we knowWe understand a catalyst when we know……

…… the the structurestructure(s) of the (s) of the activeactive speciesspecies ((includingincluding counterioncounterion andand
solventsolvent effectseffects whenwhen thatthat isis the case)the case)

…… theirtheir concentrationconcentration

…… the fullthe full molecularmolecular kineticskinetics of the of the reactionreaction

…… the the effecteffect(s) of the (s) of the mainmain physicalphysical and and chemicalchemical reactionreaction variablesvariables

…… the the truetrue TON and TOFTON and TOF

When the above holds, rational catalyst design is / should be possible
To the best of my knowledge, the above does not hold for any olefin
polymerization catalyst so far, and I doubt that it can be claimed for
any organometallic catalyst

Where do we stand with olefin polymerization catalysts ?Where do we stand with olefin polymerization catalysts ?

AbsoluteAbsolute and relative and relative catalyticcatalytic activitiesactivities

ChemoChemo--, , regioregio--, , enantioenantio--, , stereoselectivitystereoselectivity
MolecularMolecular mass mass capabilitycapability
ChainChain transfer transfer pathwayspathways
DeDe--activationactivation pathwayspathways
PossiblePossible formationformation of of ““dormantdormant”” statesstates

PropensityPropensity toto [[reversiblereversible] ] transtrans--alkylationalkylation

Level of understanding: = Unsatisfactory; = Fair; = SatisfactoryLevelLevel of of understandingunderstanding:: = = UnsatisfactoryUnsatisfactory; ; = Fair; = Fair; = = SatisfactorySatisfactory
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An extreme case of fundamental ignoranceAn extreme case of fundamental ignorance
HighHigh--yield MgClyield MgCl22--supported Tisupported Ti--based catalysts for based catalysts for iPPiPP

Nice ! – … but, according to recent QM calculations, most
proposed TiCl4 surface adducts do not “stick” to MgCl2 !!!
Nice ! Nice ! –– …… butbut, , accordingaccording toto recentrecent QM QM calculationscalculations, , mostmost
proposedproposed TiClTiCl44 surfacesurface adductsadducts do do notnot ““stickstick”” toto MgClMgCl22 !!!!!!

A tentative mechanistic scheme                                  A tentative mechanistic scheme                                  
for catalytic olefin polymerization in homogeneous phasefor catalytic olefin polymerization in homogeneous phase

CC** < [< [ZrZr]]
Note: TOF > 10Note: TOF > 1033 ss--11

Bochmann, M. et al. JACS 2003, 125, 7641
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A similar case in catalytic olefin hydrogenationA similar case in catalytic olefin hydrogenation

CC** << [<< [RhRh]]
Note: TOF < 1 sNote: TOF < 1 s--11

Halpern, J. et al. J. Mol. Cat. 1976, 2, 65; J.ACS 1977, 99, 8055; JACS 1980, 102, 838; Science 1982, 217, 401

How can we understand more?How can we understand more?
The unique advantage of polymerization reactionsThe unique advantage of polymerization reactions

• In particular, a synthetic polymer chain is a permanent record of the 
statistical chain of events which constituted the polymerization process.              
The complete story of the reaction is written in there. This represents an 
extraordinary advantage for mechanistic studies

• Polymer chains are ideal systems to store and transport information (just 
think about DNA and RNA)

• Of course, in order to read the message, one or more techniques are needed 
for the determination of chain microstructure. For vinyl polymers, 13C NMR
is the elective tool
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There is reading There is reading …… …… and readingand reading

Reading [decoding] a polyolefin chainReading [decoding] a polyolefin chain
There is reading There is reading ……

FromFrom pentadspentads ……

1

2

3
4 

5

6
7 8 9

Full Full assignmentassignment of the 150 of the 150 MHzMHz 1313C NMR C NMR spectrumspectrum of PP :  of PP :  
SegreSegre, A.; , A.; BusicoBusico, V. , V. etet al.al. MacromoleculesMacromolecules 19971997, , 3030, 6251, 6251

…… toto heptadsheptads//nonadsnonads

and and readingreading



11

Writing in a polyolefin chain, 1Writing in a polyolefin chain, 1
StereoblockStereoblock polypropylenes made with polypropylenes made with ““oscillatingoscillating”” metallocenesmetallocenes

CoatesCoates, G. W.; , G. W.; WaymouthWaymouth, R. M. , R. M. ScienceScience 19951995, , 267267, 217, 217--219219
BusicoBusico, V. , V. etet al. al. J. J. AmAm. . ChemChem. Soc.. Soc. 20032003, , 125125, 5451, 5451--54605460

Project #102Project #102

Towards a better understandingTowards a better understanding
of olefin polymerization catalysts: the DPI strategy *of olefin polymerization catalysts: the DPI strategy *

IdentificationIdentification of a of a suitablesuitable numbernumber of of convenientconvenient basic basic precatalystprecatalyst
structuresstructures

ParallelParallel structuralstructural amplificationamplification of the of the aboveabove

High High throughputthroughput homohomo-- and and copolymerizationcopolymerization studiesstudies under multipleunder multiple
activationactivation conditionsconditions, , withwith full full microstructuralmicrostructural polymerpolymer analysisanalysis

ActiveActive site site countscounts

SolutionSolution NMR NMR studiesstudies of of catalyticcatalytic speciesspecies and and ionion pairspairs

ExEx--postpost and and possiblypossibly predictivepredictive high high throughputthroughput computationalcomputational
modelingmodeling

* Projects #633, 635, 639, 641, 644/5
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Unsuited / Unaffordable to AcademiaUnsuitedUnsuited / / UnaffordableUnaffordable toto AcademiaAcademia

101033 expexp/day/day

101022 expexp/day/day 11--10 10 expexp/day/day

≤≤1 1 mLmL

≤≤10 10 mLmL

High Throughput Experimentation in olefin polymerization High Throughput Experimentation in olefin polymerization 
How to discover new catalysts *How to discover new catalysts *

* * ThanksThanks toto Dr. Dr. J.C.J.C. StevensStevens, The , The DowDow ChemicalChemical Co.Co.

High Throughput Experimentation in olefin polymerization High Throughput Experimentation in olefin polymerization 
How to discover new catalysts (How to discover new catalysts (ctdctd))

New (New (pyridylamidepyridylamide))HfHf catalystscatalysts

•• NonconventionalNonconventional structurestructure

•• HighlyHighly activeactive

•• ThermallyThermally robustrobust

•• HighlyHighly isotacticisotactic--selectiveselective forfor PPPP

•• GoodGood coco--monomermonomer incorporationincorporation inin
etheneethene/1/1--alkene alkene copolymerizationscopolymerizations

•• ExceptionallyExceptionally high high polymerpolymer
molecularmolecular mass mass capabilitycapability

(a) (a) FrazierFrazier, , K.K. A.; A.; BooneBoone, , H.H. W.; W.; VosejpkaVosejpka, P. C.; , P. C.; StevensStevens, , J.J. C. U.S. C. U.S. PatentPatent 6,953,764.           6,953,764.           
(b) (b) BoussieBoussie, , T.T. R.; R.; DiamondDiamond, , G.G. M.; M.; GohGoh, C.; Hall, , C.; Hall, K.K. A.; A.; LaPointeLaPointe, A. M.; , A. M.; LeclercLeclerc, M. K.; , M. K.; 
MurphyMurphy, V.; , V.; ShoemakerShoemaker, , J.J. A. W.; A. W.; TurnerTurner, H.; , H.; RosenRosen, R. K.; , R. K.; StevensStevens, , J.J. C.; Alfano,C.; Alfano,
F.; F.; BusicoBusico, V.; , V.; CipulloCipullo, R.; , R.; TalaricoTalarico, , G.G. AngewAngew. . ChemChem.., , Int.Int. Ed.Ed. 20062006, , 4545, 3278, 3278--3283.3283.

VersifyTM Platform
(Dow Chemical)

VersifyVersifyTMTM PlatformPlatform
((DowDow ChemicalChemical))
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• Primary Screening by HTC [   DPI #641]
Tuning of [known] ligand frameworks
by means of in-silico structural amplification

• Primary Screening by HTC [   DPI #641]
Tuning of [known] ligand frameworks
by means of in-silico structural amplification

• Secondary Screening by HTE [   DPI #644/5]
Thorough catalyst testing in mini-reactors under 
multiple activation conditions

• Secondary Screening by HTE [   DPI #644/5]
Thorough catalyst testing in mini-reactors under 
multiple activation conditions

• Parallel Synthesis of “Hits” [    DPI #633]• Parallel Synthesis of “Hits” [    DPI #633]

High Throughput Experimentation in olefin polymerization High Throughput Experimentation in olefin polymerization 
How to screen & tune catalystsHow to screen & tune catalysts

Suited / Affordable to AcademiaSuitedSuited / / AffordableAffordable toto AcademiaAcademia

HTC Primary Screening 
Opteron & HP ES45 Clusters
HTC HTC PrimaryPrimary Screening Screening 
OpteronOpteron & HP ES45 & HP ES45 ClustersClusters

OffOff--Line Line IntegratedIntegrated AnalyticalAnalytical ToolkitToolkit
BohdanBohdan WS, WS, 11H/H/1313C NMR, HTC NMR, HT--GPCGPC

HTE Secondary Screening 
Symyx PPR24®
HTE HTE SecondarySecondary Screening Screening 
SymyxSymyx PPR24PPR24®®

OffOff--Line Line IntegratedIntegrated AnalyticalAnalytical ToolkitToolkit
GCGC--MS, TLC, MS, TLC, ……

Parallel Synthesis of “Hits”
Symyx Core Module
ParallelParallel SynthesisSynthesis of of ““HitsHits””
SymyxSymyx Core Core ModuleModule

InstInst. Q1/2008. Q1/2008

High throughput catalyst screening & tuning workflow            High throughput catalyst screening & tuning workflow            
at Uat U--Naples Naples 
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The secondary screening platform at UThe secondary screening platform at U--NaplesNaples
SymyxSymyx PPR24PPR24®® Olefin Polymerization Workflow Olefin Polymerization Workflow 

The secondary screening platform at UThe secondary screening platform at U--NaplesNaples
PropenePropene polymerization with a HYpolymerization with a HY--ZNCZNC

ReproducibilityReproducibility withinwithin a a runrun ((leftleft) and ) and betweenbetween independentindependent runsruns
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Experimental conditions:
Tp = 70°C; p(C3H6) = 3.4 bar; p(H2) = 0.4 bar; heptane solvent, 5 mL; 
solid catalyst, 0.20 mg [0.092 μmol(Ti)]; [TEAL]/[Ti] = 170; cutoff yield, 100 mg(PP)

Experimental conditions:
Tp = 70°C; p(C3H6) = 3.4 bar; p(H2) = 0.4 bar; heptane solvent, 5 mL; 
solid catalyst, 0.20 mg [0.092 μmol(Ti)]; [TEAL]/[Ti] = 170; cutoff yield, 100 mg(PP)
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Writing in a polyolefin chain, 2Writing in a polyolefin chain, 2
Block copolymerization via Block copolymerization via ““chain shuttlingchain shuttling””

Good 1-octene incorporation in 
C2=/C8= copolymerization
[noncrystallizable/“soft” copolymer]

Good 1-octene incorporation in 
C2=/C8= copolymerization
[noncrystallizable/“soft” copolymer]

Poor 1-octene incorporation in 
C2=/C8= copolymerization
[crystallizable/“hard” copolymer]

Poor 1-octene incorporation in 
C2=/C8= copolymerization
[crystallizable/“hard” copolymer]

ActivatorActivator/ / 
ZnEtZnEt22

Hard/Soft Block Copolymers
via fast and reversible trans-alkylation

Hard/Soft Block Copolymers
via fast and reversible trans-alkylation

ArriolaArriola, D. J.; Carnahan, E. M.; , D. J.; Carnahan, E. M.; HustadHustad, P. D; Kuhlman, R. L.; , P. D; Kuhlman, R. L.; 
Wenzel, T. T. Wenzel, T. T. ScienceScience 20062006, , 312312, 714, 714--719 719 

ArriolaArriola, D. J.; Carnahan, E. M.; , D. J.; Carnahan, E. M.; HustadHustad, P. D; Kuhlman, R. L.; , P. D; Kuhlman, R. L.; 
Wenzel, T. T. Wenzel, T. T. ScienceScience 20062006, , 312312, 714, 714--719 719 

HfHf HfHf HfHf HfHf

ZrZr ZrZr ZrZr ZrZr

ZnZn ZnZn

ZnZn ZnZn

Writing in a polyolefin chain, 2Writing in a polyolefin chain, 2
Block copolymerization via Block copolymerization via ““chain shuttlingchain shuttling”” ((ctdctd))
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** D. J. D. J. ArriolaArriola, E. M. Carnahan, P. D. , E. M. Carnahan, P. D. HustadHustad, R. L. Kuhlman,                                                , R. L. Kuhlman,                                                
T. T. Wenzel, T. T. Wenzel, ScienceScience 2006, 2006, 312312, 714, 714--719 719 

Writing in a polyolefin chain, 2Writing in a polyolefin chain, 2
Block copolymerization via Block copolymerization via ““chain shuttlingchain shuttling”” ((ctdctd))

EngageTM Platform
(Dow Chemical)

EngageEngageTMTM PlatformPlatform
((DowDow ChemicalChemical))

Alfano, F.; Alfano, F.; BooneBoone, H.W.; , H.W.; BusicoBusico, V.; , V.; CipulloCipullo, R.; , R.; StevensStevens, J.C. , J.C. 
MacromoleculesMacromolecules 20072007, , 4040, 7736, 7736--77387738

+ MAO/AlMe+ MAO/AlMe33

Writing in a polyolefin chain, 3Writing in a polyolefin chain, 3
StereoblockStereoblock propenepropene polymerization via polymerization via ““chain shuttlingchain shuttling””

 [A] (R)-Catalyst + MAO/AlMe3

 [B] rac -Catalyst + MAO/AlMe3 

[polar solvent !!!][[polarpolar solventsolvent !!!]!!!]
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Concluding remarksConcluding remarks

•• NowNow youyou knowknow whywhy wewe insistinsist withwith polyolefinspolyolefins

•• NowNow youyou realizerealize thatthat therethere isis stillstill muchmuch toto understandunderstand aboutabout
polyolefinspolyolefins

•• NowNow youyou seesee howhow muchmuch (in (in catalysiscatalysis, , processesprocesses and and materialsmaterials))
isis stillstill leftleft forfor innovationinnovation in in polyolefinspolyolefins

•• Do Do youyou blameblame me me forfor likingliking polyolefinspolyolefins and and havinghaving funfun withwith themthem ? ? 


