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ABSTRACT KEYWORDS
This article discusses a direct (one-pot) polymerization process to prepare Isotactic polypropylene;
isotactic polypropylene (i-PP) having a termina functional group (NH, Polyolefin;
group). The chemistry involves metall ocene-mediated propylene polymer- Functionalization;
ization using rac-Me,Si[2-Me-4-Ph(Ind)] ,ZrCl./ methylal umin-oxane com- Diblock copolymers;
plex inthe presence of abulky protected Allylaminefollowed by hydrogena- Compatibilizers.

tion. The major challenge is to find suitable reaction conditions that can
simultaneously carry out effective propylene polymerization and incorpora-
tion of the protected Allylamine molecul e at the polymer chain end; in other
words, altering the protected Allylamine incorporation mode from copoly-
merization to chain transfer. Apparently, the propylene propagating chain
end engages in a facile consecutive chain transfer reaction, reacting with
the protected Allylamine and then hydrogen, with high catalyst reactivity
under the proper protected Allylamine and hydrogen concentrations. The
silane and aluminum groups, used for protection, were hydrolyzed in acidic
aqueous solution during the sample workup step to obtain the desirable i-
PP polymerswithaterminal NH, group (i.e., PP-t-Allyl-NH,). The terminal
functional group was confirmed by end group analysis and chain extension
reaction. The polymer molecular weight was inversely proportional to the
molar ratio of [Allylamine]/[propylene] with achaintransfer constant (ku/kp)
of 1/32. Despite the high molecular weight, theterminal functional groupin
PP engages a coupling reaction with polycapolactone (PCL) and carboxy-
terminated polystyrene (PS-t-COOH) in solution and melt to form PP-b-PCL
and PP-b-PS diblock copolymers that are very effective compatibilizersin
PP/PCL and PP/PS polymer blends. © 2009 Trade Sciencelnc. - INDIA

INTRODUCTION properties’=l. Since the discovery of HPDE and PP

about a half century ago, the functionalization of

Metalocenetechnology hasopened uptheunprec-  polyolefin hasbeenascientificaly chalengingandin-
edented opportunity for preparing polyolefinswithwell-  dustridly important ared®. A polyolefinwith atermind
defined molecular structuresand predictablephysica functiona group® isavery attractivemateria that pos-
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sessesan unperturbed polymer chain structureand de-
sirable physical properties(such asmelting tempera-
ture, crystdlinity, glasstranstion temperature, met flow,
etc.) that aredmost the sameasthose of the pure poly-
mer. Nevertheless, theterminal reactive group at the
polymer chain end hasgood mobility and can providea
reectivestefor many applications, suchasadhesionto
the substrates®, formation of graft and block copoly-
mers”, and reactive blending® to improvethe com-
patibility of two dissimilar polymer blends. Therefore,
the ultimate objective for the functionalization of
polyolefinistoimprovethepoor interactive properties
of polyolefinsand to broaden polyol fin gpplicationsto
high valueproducts, especidly in polymer blendsand
nanocomposite.

In chemistry, the preparation of chain end
functionalized polymershasbeenlargely limitedtoliv-
ing polymerization with theuse of aninitiator bearinga
functional group!® or a control termination
(functiondization) reaction* of theliving polymer chain
end. Unfortunatdly, thereareonly afew trangtion meta
coordination catalyststhat exhibit living polymerization
behavior, and most of them arelimited to the prepara-
tion of polyethylene and poly(1-hexene) cases*Y. Fur-
thermore, living polymerization only producesonepoly-
mer chain per initiator, which presentsarelatively low
rate of catalyst activity inthetypical polyolefin prepa:
ration.

In the copolymerization reactions, thewel |-defined
singlecatalytic sitecan betailor designed for incorpo-
rating high o-olefinsinto copolymerswith high comono-
mer incorporation, high catalyst activity, and narrow
composition and molecular weight distributions. This
well-controlled polymerization mechanismwasa so ex-
tended to chain transfer reaction®>% for controlling the
polymer chain end structure and polymer molecular
weight, whilestill maintaining high catayst activity. Re-
cently, anew chemica route hasbeen reported to pre-
pare polyol efin (including PE, PR, ER, s-PS, etc.) with
atermina reactivegroup and obtain high catalyst activ-
ityt18, The chemistry isbased onachain transfer reac-
tioninvolving areactive chain transfer agent, including
diakylborane(H-BR )" and p-methylstyrene/ hydro-
gen (p-MS/H,)™, during metallocenemediated olefin
polymerization. All polymersformed containatermina
borane or p-M S group and have arelatively narrow
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molecular weight distribution (M /M_~2). The poly-
mer molecular weight (from afew thousand to ahun-
dred thousand) was basically controlled by the mole
ratio of [chaintransfer agent]/ [olefin]. Both thetermi-
nal borane and p-M S groups are very versatile, and
can serve as the reactive sites for subsequent
functiondization reectionsor convertiontolivinginitia-
torsfor chain extension reactions. Thismetall ocene-
mediated a-olefin polymerization/ chaintransfer scheme
isapplicabletodl polyolefin homo- and copolymers.

Itisvery desirableto extend thischemical routeto
directly preparepolyolefinwith adesrabletermind func-
tional group, such asNH,,. In other words, the ideal
reaction is a one-pot process**d, and no chain end
functionalization would be needed after the polymer-
ization/chain transfer reaction. Primary amineisvery
interesting termina groupwith good chemicd reactivity
inmany applications. Aswill bediscussed later, it can
be engagedin coupling reactionswith many polar poly-
mers (such aspolyesters and polyamides) in thereac-
tive (solution and melt) polymer blending. Theinsitu
forming diblock copolymers(located right at theinter-
faces) provide good compatibility between two other-
wiseincompatible polymer blendswith uniform and
mi crophase-separated morphol ogy.

Among thechain transfer agents, the styrene sys-
temisthemost intriguing one, inwhich styreneusudly
servesasacomonomer in most metall ocene catal yses.
However, it has been recently demongtrated the possi-
bility of altering the styrene comonomer modeto chain
transfer modein PE and PP cases™ using Cp,ZrCl,
andrac-Me,Si-[2-Me-4-ph(Ind)] ZrCl, catalysts, re-
spectively, under asufficient amount of H,,. Therefore,
itisvery interesting to search for other ol efinic species
that can behavelike styrenic moleculesin sdective co-
polymerization or chaintransfer reaction by controlling
thereaction conditions. Ironically, thesereagentshave
to be able to slow down the polymerization process
after being incorporated at the propagating chain end.
In addition, the subsequent facial chain transfer reac-
tion hasto take place to complete the polymerization
cycle. Therefore, thisincorporated reagent islocated
right at the chain end after each polymerization cycle.
Obviousdly, specific reaction conditions, including
metdlocenecatdydt, internd or externd chain transfer
agent, reaction temperature, etc., havetowork in con-
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cert toachievetheided polymerization/chain transfer
gtuation. Inthispaper, wewill focuson PP copolymer-
izationwithalyl functionad monomer that wasreported
to beadifficult monomer in the preparation of func-
tional PE and PP polymers, withlow catalyst activities
and low polymer molecular weights.

Asknown, thedirect copolymerization of functiond
monomerscontaining O, N, and halogen heteroatoms
by early transition metals (Z-N and metall ocene cata-
lysts) isvery difficult. Thecongtraint inthisapproachis
the poisoning of catalyst componentsby polar groups™™.
Although Ziegler-Natta catal ysts containing group 4
transition metalsareknown for their highly oxophilic
nature®, zirconocene/methylaluminoxane (MAO)
catayssweresuccessful in copolymerizing ethylenewith
10-undecen-1-0l™ or other polar monomers? hav-
inglong CH,, spacers between polar and vinyl groups.
However, the catal yst activity decayswith the concen-
tration of 10-undecen-1-ol?Y. Shell has claimed the
copolymerization of N-phenyl-10-undecenaminewith
1-hexene (9-13 wt % comonomer incorporation) with
TiCl, inthepresence of excessEt AICI#,

Tertiary amine-functiondized olefinswith sufficient
steric hindrancearound thenitrogen ailomand long CH,
pacer arenot difficult to polymerizeand copolymerize
by usinggroup IV catdystd®l. Smdler monomers(such
asdimethyl and diethylamines) can bepolymerizedif 1
equivaent of aproper akyla uminum protecting group
isused?’. However, inareview Boffd®! stated that if
theaminefunctionality istoo closeto thedouble bond
(short spacer), the additional steric bulk provided by
the a uminum speciesmay actudly inhibit monomer co-
ordination and polymerization. A smilar trend wasob-
served by Giannini inasystematical Z-N polymeriza-
tion study by using diisopropylamineshavingl, 2, 3,5,
or 9 methylene spacers between the double bond and
theaming?®, Both studies suggest that aminimum of
three carbons between thefunctiona groupsisgener-
aly necessary to achievewell-controlled polymeriza-
tion behavior.

Ingeneral, therearethree thoughtsto circumvent
the catalyst deactivation problem, including (&) using
lessoxophiliclatetrangtion metal catdysts, (b) synthe-
sizing polar monomerswithlong CH,, spacersbetween
polar and vinyl groups, and (c) protecting the polar func-
tiona groups. Although latetrangition metal catalysts
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arelessoxophilicand much moretol erant to polar func-
tional groupscontaining O and N atomsthan early tran-
stion metd systems, they often producehighly branched
polymersand cannot control polymer tacticity and crys-
tallinity that arecrucial to polyolefin properties. The
branching structurewas attributed to the chain-waking
mechanismwithfacid chaintransfer reaction, involving
B-hydrideelimination and areinsertion process?!. On
the other hand, the functional monomer with alarge
number of CH, spacersbetween polar and vinyl groups
arenot commercidly available and need to be synthe-
Sized. Inaddition, catalyst activity decay isstill amagjor
concern. Theprotection of functional monomersisthe
most widely studied. Theidea protecting agent will not
only havethe capability to minimize catalyst deactiva
tion, but also will provide convenient and effective pro-
tection and deprotection reactions. Additiondly, thepro-
tected functiona monomer should bevery solublein
the polymerization solvents (i.e. hexane, toluene, or
monomers)i?8,

Intuitively, both alyl and butenyl functional mono-
merswith only 1 and 2 CH, spacers, respectively, are
expected to bevery poor comonomersin Ziegler-Natta
and metallocene polymerizations. Infact, several at-
tempts have been reported in trying to copolymerize
a-olefinswith protected allyl dcohol and allyl amine.
Most of theresultswere very discouraging with poor
catdyst activity and poor incorporation of thefunctiona
monomer; catalyst poi soning was attributed asthe ma-

jor problem.
Based on our knowledge in styrenic molecules,

thesestubborn allyl and butenyl functional monomers
may indeed offer an excellent opportunity to prepare
chain end functiondized polypropylene. Our strategy is
tofirgt protect thefunctional monomerswith bulky pro-
tecting groupsfrom poisoning the catalyst. Then, the
protected functiona monomer will involvethe copoly-
merization reaction. It isvery possiblethat theincorpo-
rated functional monomer at the propagating chain-end
may stop the polymerization dueto steric or electronic
reasons, as shown in styrenic molecul e cases. How-
ever, inthe presence of hydrogen, the subsequent chain-
transfer to hydrogen could take place and regenerate
the catalyst continuing the polymerization cycle. The
resulting polymer should contain aterminal functional

group.
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EXPERIMENTAL DETAIL

I nstrumentation and materials

All 'H NMR spectrawere recorded on a Bruker
AM 300instrument in 1,1,2,2-tetrachl oroethane-d, at
110°C. The melting temperatures of the polymers were
measured by differentia scanning calorimetry (DSC)
using aPerkin-Elmer DSC-7 instrument controller. The
DSC curveswererecorded during the second heating
cyclefrom 20 to 200°C with a heating rate of 20°C/
min. Molecular weights (M, ) and molecular weight dis-
tributions(M, /M ) of the polymerswere measured us-
ingaPL GPC-220 withaDRI detector at 140°C using
trichlorobenzeneasthe solvent. Bulk morphology inthe
polymer filmswas examined by scanning electron mi-
croscopy (SEM), using aTopcon International Scien-
tific Instruments 1SI-SX-40 with secondary e ectron
imaging. SEM samples were prepared from films
cryofracturedinliquid N.,. Samplesweremounted on
anauminum stub and gold coated toform aconductive
codting.

All themanipulationswerecarried outinsdean ar-
gonfilled vacuum atmaospheres drybox equipped with
adry train. CP gradetoluene, tetrahydrofuran (THF),
and ether were deoxygenated by argon purge before
refluxing for 48h over sodium/benzophenone, thendis-
tilling them from their respectivegreen or purple solu-
tion under argon. Lithium bis(trimethylsilyl) amide,
chloromethyl methylether, Slveriodide, alylbromide,
alylmagnesium bromide (1M in ether), lylamine, tert-
butyl diphenyl-chloroslane, trimethyladuminum (TMA)
(30% in toluene), A1,(SO,),.14H,0, rac-
Et(Ind),ZrCl,, butylated hydroxytoluol (BHT), and
polycaprolactone (PCL) were purchased fromAldrich
and used as received. rac-Me,Si[2-Me-4-
Ph(Ind)] ,ZrCl, catalyst was prepared by the published
procedures?, M ethylaluminoxane (MAO) was syn-
thesized according to theliterature®. High-purity grade
propylene gaswas obtained from MG Industry and was
used asrecelved.

Synthesisof methylaluminoxane (M AQ)
Under anitrogen atmosphere, 250 mL of 30 wt%
Al(CH,), (759, 1.04 mol) was added dropwise over a

2h period through an addition funnel to acooled (0°C)
suspensionof A1,(SO,),.14H,0 (53.44 g, 1.31mol of
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H,O) intoluene (140mL ) placed in athree-neck round
bottomed flask equipped with astirrer bar. Themixture
was stirred at 0°C for overnight and wasthen warmed
to room temperature. Stirring was continued at room
temperaturefor 24 h. Themixturewaswarmed to 60°C
for another 24 h, cooled, and filtered under vacuum.
Thesolvent and excess TMA wereevaporated and the
resulting powder wasdried under vacuum at 40°C over-
night. Theisolated yield was 65% and its purity was
confirmed by *H NMR.

Synthesisand protection of functional monomers
but-3-enyl big(trimethylsilyl)amings!

But-3-enyl bis(trimethylsilyl)amine, i.e.
BuN(SiMe,),, wassynthesizedintwo preparative steps
asshown in Scheme 1. Into a500 mL flask equipped
withamagnetic stirrer bar, 50 g (0.299 mol) of lithium
bigtrimethylslyl)amidewasdowly dissolvedin 100 mL
of THF into mixture of 25 mL (0.329 mol) of
chloromethyl methyl ether and 50 mL of THF at 0°C
under anitrogen atmosphere. After the addition was
compl ete, the solution was allowed to warm to room
temperature and stirred overnight. The precipitated
powder wasfiltered off and the excess chloromethyl
methylether wasevaporated using arotary vapor pump.
N,N-big(trimethylslyl)methoxymethylamine (80%yield)
wasisolated by distillation and itspurity was confirmed
by 'H NMR.

Li*
\ N/
AN + o el
Lithium Chloromethyl

bis(trimethylsilyl)amide methyle ether

N\ /

s
THF 77N

e —— U
\Si\ o—

N,N-bis(trimethylsilyl) methoxymethylamine

\Si/
SN b
- LN\
! a

=~ d

ether

M
BT R

Allyl magnesium bromide But-3-enyl
bis(trimethylsilyl)amine

Scheme 1
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In the second step, 43.4 g (0.211 mol) of N,N-
bis(trimethylsilyl) methoxymethylamineplaced in 100
mL dry ether ina500 mL flask equipped with stirrer
bar, was treated with 264 mL (0.264 mol) of
alylmagnesumbromide (1M in ether) over aperiod of
1 hat 0°C. Thesolution waswarmed up to room tem-
peratureand stirred overnight before adding 100 mL of
aqueous NaOH solution (30 %). Theorganiclayer was
separated and dried with magnesium sulfate, and the
residual wasthendistilled over CaH, to giveanalyti-
cdly pure(*H NMR) but-3-enyl big(trimethylslyl)amine
in70%yidd.

Allylaminebig(dimethylaluminum)

25mL (0.334 mol) of dry dlylaminewasdiluted
with 70mL of dry tolueneinal L flask equipped with
a magnetic stirrer bar. Then, 80.3 mL (0.334 mol)
trimethyla uminum (30 wt%intoluene) wasdiluted with
70 mL dry toluene and added dropwise through an
addition funnel to the above solution over aperiod of 1
h at -78°C under argon atmosphere. The flask was
warmed up to room temperatureand stirred for 3 days.
Thesolvent wasremoved under vacuumto giveaquan-
titativeyield of dlylaminebis- (dimethylaluminum) as
yelow oil (Scheme?2).

NH N7
2 AlCHy)s ”*{I'
3 7
allylamine Hexane 2

allylaminebis(dimethylaluminum)
Scheme 2

Allylbig(trimethylsilyl)aming®

In the dry box, 40 g (0.239 mol) of lithium
bis(trimethylsilyl)amide was combined with 11.6 g
(0.049moal) of silver iodidein a500 mL flask equipped
withacondenser and stirrer bar. Outsidethedry box,
it wasdissolved in 80 mL dry THF and the mixture
was allowed to stir at room temperaturefor 1 h. To
the resulting homogeneous solution, 25 mL of
allylboromidewasadded dropwisein 1 h. The mixture
wasrefluxed in THF overnight, thenfiltered and con-
centrated. Theresulting crude oil wasdistilled to af-
ford 90% yield of an analytically pure product as col-
orlessoil (Scheme 3). Itsstructurewas confirmed by
H NMR spectrum.
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Allylbis(trimethylsilyl)amine

Scheme 3
Synthesisof PP-t-Allyl-N(SiMe,), polymer

PP-t-Allyl-N(SiMe,), polymerswere synthesized
by usingalylbis- (trimethylslyl)amineasachaintrans
fer agentin propylene polymerization. Inatypica reac-
tion(runl-A-6in TABLE 1), aParr 450 mL stainless
autoclave reactor equipped with amechanical stirrer
wascharged with 50 mL of tolueneand 4.5mL of MAO
(10wt %intoluene) before purging with hydrogen (25
psi). Then 0.5 mL (0.049M) of
dlylbig(trimethylslyl)aminewasinjectedinto thereac-
tor and 100 psi (3.24 M) of propylenewas charged,
bringing thetotal pressureto 125 psi at ambient tem-
perature (30°C). About 1.25 X 10°® mol of rac-
Me,Si[2-Me-4-Ph(Ind)],ZrCl, catalyst in toluene so-
lutionwasthen syringedinto therapidly stirring solution
under propylenepressureto initiatethe polymerization
reaction. Additiona propylenewasfed continuoudy into
thereactor to maintain aconstant pressure (125 psi)
during the courseof the polymerization. After 15 min of
reaction at 30°C, the reaction solution was quenched
withmethanol andfiltered, washed extensvely with THF
to removeany dlylbig(trimethylsilyl)amine homopol y-
mer, and then dried under vacuum at 50°C for 8 h.
About 20.4 g of PP-t-AllyIN(SiMe,), polymer was
obtained with acatalyst activity of 65280 kg of PP-t-
AllyIN(SMe,),/mol of Zrh.

PP-t-AllyINH, polymerswere prepared from PP-
t-AllyIN(SiMe,), polymers by treating them with hy-
drogen chloride, which can beaccomplished during the
sampleworkup step. Alternatively, theisolated PP-t-
AllyIN(SMe,), (2 g) was suspended in 50 mL of THF
at 50°C before adding dropwise 2 N methanolic hy-
drogen chloridesolution. The mixturewasstirred for 4
hat 50°C, and then poured into 1 N methanolic NaOH
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solution. The polymer was collected by filtration and
washed with 1 M aqueousammoniaand water under a
nitrogen atmosphere. Thepolymer wasdried overnight
at 50°C under vacuum. The polymer yield was quanti-
tative.

Synthesisof PP-b-PCL diblock copolymer

The coupling reactions between chain end
functionalized PP and ¢-polycarpol actone (PCL ) were
carried out in both solution and melt. Inatypica solu-
tion process, 3 g of PCL (M_ =50 X 10°, M /M_=
2.0) wasfirst dissolved in toluene (200 mL) ina500
mL flask equipped with astirrer and acondenser in-
stalled onasidearm (trap) containing P,O, drying agent.
About 2 g of PP-t-Allyl-NH, (M_=45X 10, M _/M_
=2.0) inhibited with BHT (~1%) wasthen added into
thedtirring solution and refluxed under N, for 12h. The
refluxing toluenewas contacted with P,O, to maintain
anhydrous conditions. The hot polymer solution was
dowly poured into cold acetone, and the precipitated
polymer wasisolated by filtration. Theinsoluble poly-
mer wasthen subj ected to avigorous Soxhl et extrac-
tion by boiling acetoneto removeany unreacted PCL
homopolymer. The purification continued until the
composition of theinsol uble portion became constant.
After drying, 3.15 g of PP-b-PCL diblock copolymer
was obtained.

RESULTSAND DISCUSSION

Thebasicideainthedirect preparation of thechain
functionaized PPwasto usethe protected dlylamine
and buteneylaminethat act aschantransfer agentsthat
could engage in metalocene-mediated propylene po-
lymerization/ chain transfer reaction under somereac-
tion conditions. Thefunctional group (NH,) of thispo-
lar monomer iswell-protected to overcomethe cata-
lyst decay problem. The protection method used here
has been chosen in such away that it would not only
lead to the steric shielding, but alsoto afford eectronic
neutralization of thefunctional group. Asstudied be-
fore?, themost common protecting reagentsfor func-
tional monomers containing primary amine are
trialkyllsilyl and tria kylaluminum groups. The protec-
tion of the functiona monomers, alylamine and
buteneylamine, have been successfully performed as
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shownintheexperimenta section. Thesilanegroups
not only provideeffective protectionfor NH, functiond
group during the metallocene catalysisbut also can be
completely deprotected by methanolic HCI during the
sampleworkup procedure.

Protection of functional monomers

All the protected functional monomerswereana
lyzed by *H NMR. Figures 1, 2 and 3 show the *H
NMR spectraof AllyIN[AI(CH,), |, AllyIN[SI(CH,),].,
and BUN[SI(CH,),].,, respectively. Thechemical equa-
tionsand peak assignments (with theintegrated peak
intensities) area so included to examinethe products
purities.

e
?'(CHa)z

a
N ©
2 A

Al(CH3z)3

22—
hexane

4\/'\”"
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Lf_i).l 4
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Ingenerd, thesilane protection productsin Figures
2 and 3arevery purewiththeexpected chemica shifts
and peak intensities; they show a most no detectable
impurities. Silation method, using lithium
bis(trimethylsilyl)- amidereagent for protecting NH,
group was highly effective. On theother hand, thealu-
minum protection method showed in Figure 1 exhibit
much more complicated reaction mixture. Thecommon
synthesisrouteof directly reacting Al(CH,), with-NH,
group, used inmany previous papers, seemsto beinad-
equateto protect functiona groupsin monomers. Inthe
reaction betweenAl(CH,), and alyamine(Figure 1) for
3 daysat ambient temperature, the N-H broad peak at
~2ppmisdtill clearly visible. Based onits peak inten-
sity, the major product is the half-protected N(-H)(-

2

o

2.078

&
o

N

HiCo N

3 \ZL\ QHZ

H36 //, CHZ
% N

(A)
Chart1
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Al(CH,),) species, which may cause catalyst deactiva-
tion during the polymerization. Two commonly known
bridged metdl ocene catd yst sysemswereinvestigated,
including rac-Et(Ind),ZrCl, (A) andrac-Me,Si[2-Me-
4-Ph-(Ind)] ZrCl, (B) asillustrated in Chart 1.

Theoverdl reection especidly benefitsfromthevery
small quantity of the chain transfer agent neededinthe
preparation of high polymers. Therefore, theadditiona
protection-deprotecti on step causesa most no change
inthe polymerization conditions. Thehighly isospecific
rac-Me,Si[2-Me-4-Ph-(Ind)],ZrCl/MAO compl ex®
used in thecommercia production of i-PPwould be
very suitableinthisreaction scheme. Thiscatdyst sys-
tem producesi-PPwith highmolecular weight and high
melting temperature, and the bulky ligandsaround its
specific opening activestemay further prevent the cata-
lyst frominteracting with the protected functiond group.
Thiscatalyst hasa so shown aselective chain transfer
reaction!*™ to styrene or p-M S during the propylene
polymerization inthepresence of hydrogen.

Equation 1illustratesthe general reaction scheme.
Duringthecourseof propylene 1,2-insertion, the propa:
gating M*-C site (I1) eventually reacts with an
alyIN[Si(CH,),, unit (k) (vial,2-insertion) toform
analyIN[SI(CH,),], capped propagating site(l11) with
thenitrogenatominteractingwith metal cation. Thenew
propagating site (I11) isincapable of continuingthein-
sationof dlyIN[SI(CH,),], (k,,) or propylene(k,,) due
tothestericjamming.

CH3 |
AEI BEHCH,-CH) AR //
Q)
N\S /
kit k12
X CHz—CH 1,2- |nsert|on
CH3
A|:| o CH2 CH-(CHy CH) AP
a1y
AI:/I-fr-H Ha / \ I
L kz, hydrogen /\
() N
<\ CH GH
—Si_ 73 N
NP “N=CH,-CH-(CH- CH AR (V)
—Si
/
l HCI (in work-up step)
(|:H3 C|?H3
HaN=CH,-CH-(CHz-CH), W (V) @
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However, it can react with hydrogen to complete
the chain transfer reaction. Thisconsecutive reaction
with dlylN[Si(CH,).], and hydrogen resultsina PP-t-
alyIN[SI(CH,),], polymer chain (1V), and regenerates
Zr-H species(l) that reinitiatesthe polymerization of
propylene and continuesthe polymeri zation cycles. Af-
ter the polymerization iscomplete, thedesirable NH,
terminal group in PP-t-allyINH,, (V) can beeasily re-
covered during the sampleworkup step using HCI al-
coholicsolution. Theoreticaly, the PP-t- alyINH, mo-
lecular weight should belinearly proportiontothemo-
lar ratio of [propylene]/[alyIN[SI(CH,),],].

TABLES 1 summarizesthe experimenta resultsof
propylene polymerization in the presence of
AllyIN[SI(CH,).]./H, asthechain transfer agent using
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rac-Me,Si[2-Me-4-Ph(Ind)] ZrCl /MAO catdyst sys-
tem. The combination of FT-IR, *H NMR and GPC
was used to determine the polymer structure. GPC
determinesthe polymer molecular weight and polydis-
persity index (PDI), and *H NM R spectrum was used
to determinetheallyl monomer content. Inall control
reactions, asmal amount of any dlyl or buteneyl amine
derivativeseffectively stopsthe polymerization of pro-
pylene. Theintroduction of hydrogen gradualy restores
thecatayst activity. Asshowninthecomparativereac-
tion sets(including runsA1-A3, runsA4-A6, runsA7-
A9, andrunsA10-A12in TABLE 1), hydrogen con-
centration doesnot affect the polymer mol ecular weight
and molecular weight distribution but hasaprofound
effect onthe catalyst activity.

TABLE 1: Summary of PP-t-Allyl-NH,, polymer s* prepar ed by the combination of rac-Me,Si[2-M e-4-Ph(Ind)] ,ZrCI/MAO

catalyst and allyl-NSi./H, chain transfer agent

Run Propylene  AllyIN[SI(CH3)3]2 H2 Yield Cat. Actv.b Allyl-NH2 Mn PDI ™m
(psi) (mol/L) (psi) (9) (Kg/mol.hr.) inPP (mol %) (X10-3) (Mw/Mn) (°C)
Contral | 100 0 0 294 94080 67.5 2.8 158.9
Control 2 100 0.025 0 ~0 ~0
I-A-1 100 0.025 7 2.3 7360 0.30 435 21 156.4
I-A-2 100 0.025 15 17.9 57280 0.32 41.8 2.0 155.9
I-A-3 100 0.025 25 238 76160 0.31 44.9 2.0 156.2
Control 3 100 0.049 ~0 ~0
I-A-4 100 0.049 7 17 5440 0.60 25.3 1.9 152.6
I-A-5 100 0.049 15 13.7 43840 0.63 22.6 21 152.3
I-A-6 100 0.049 25 20.4 65280 0.65 234 2.0 153.1
Control 4 100 0.1 ~0 ~0
I-A-7 100 0.1 7 12 3840 0.90 14.7 18 148.2
I-A-8 100 0.1 15 10.3 32960 0.94 13.9 18 148.6
1-A-9 100 0.1 25 175 56000 0.91 13.4 17 147.9
Control 5 100 0.2 ~0 ~0
I-A-10 100 0.2 7 0.98 3136 24 7.7 1.8 141.4
I-A-11 100 0.2 15 5.7 18240 23 8.4 17 142.0
I-A-12 100 0.2 25 11.9 38080 24 7.8 1.8 141.8

aReaction conditions (Unlessotherwise specified): 50 mL toluene, [Zr] = 1.25 X10-6 mol, [M AO]/[Zr] = 3000, temperature=
30°C, and time = 15 min. "Catalyst activity = kg of PP/mal of catalyst.h.

Thekinetic constantsduring the polymerization can
be obtained from Figure 4 which showsaplot of the
PP-t-Allylamine molecular weight (M ) vsthemolar
ratio of [propylene]/[Allylamine] using
AllyIN[SI(CH,),]./H,asachaintransfer agent. In gen-
eral, the polymer mol ecular weight and molar ratio of
[propylene/[Allylaming] arelinearly proportiond which

clearly indicatesthat the chain transfer reactiontoAlly-
lamine (withrate constant k ) isthe dominant termina-
tion process, and that it competeswith the propagating
reaction (with rate constant kp). The degree of poly-
merization (X ) followsasimplecomparativeequation
Xn:kp[ol efin]/k [Allylaming] with achaintransfer con-
stant k /k, ~1/32.
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Figure4: Plot of PP-t-allylaminemolecular weight (M ) vs
themoleratio of [propylene]/[allylamin€] prepared by rac-
Me,S[2-Me-4-Ph(Ind)] ,Zr Cl./MAO complex.

Itisintriguingthat thek /kp vauesaresignificantly
lower than those seen in styrene and p-M S cased*®
under smilar reaction conditions. The bulky protected
functional groups may reduce thefrequency of chain
transfer reaction.

Effect of protecting group: AllyIN(SiMe,), vs.
AllyIN[AI(CH,),],

Anaternative method for protecting the nitrogen
atom was developed by treating allylamine with
trimethyld uminum, asdescribed intheexperimentd part.
Propylene polymerization hasbeen conducted with rac-
Me,Si[2-Me-4-Ph(Ind)],ZrCl /MAO catalyst system
inthepresenceof AllyIN[AI(CH,),] ,usingsimilar reac-
tion conditions that were applied in case of
AllyIN(SiMe,),. Overdl, trimethylaluminum group
showsweak protection where both catalyst activity and
molecular weight decreases with increasing
AllyIN[AI(CH,),] ,concentrationinthefeed. Thisisat-
tributed to the existance of somemono-substituted al-
lylaminethat can not be separated from themain di-
substituted one™*!, Consequently, bothintra- and in-
termol ecular interactions*! with the metal cation lead
to lowering catalyst activity. In addition, theseinterac-
tionsposedifficulty at activesite(I11) to propagateand
facilitateterminationleading to adecreasein the poly-
mer molecular weight. Figure 5 showsH NMR spec-
traof PP-t-Allyl-NH, prepared by the combination of
rac-Me,Si[2-Me-4-Ph(Ind)] ZrCl /MAO catdyst sys-
tem (run I-A-12). The measurement was donefor a
neat PP-t-Allyl-NSi, (&) and for an HCL trested sample
(b). Comparing theH NMR results of both samples,
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we noticethat the chemical shiftintherange 2.6-2.9
ppm intheHCI treasted sampleisclear and distinguish-
able. Thesplit pattern of the resonanceindicated that
two protons of the methylenewerenot equivalent. In
addition, another new chemicd shift gopearsintherange
8.3-8.4 ppm due to the three protons of NH,"Cl-
groupt4,

CH; g

H, Db
PP WVWW‘_ﬁ—C -NH3* CI

b a
-NH;'CI’ -CH,-NH,
L. I W GO (N | e—
1) -
C
CH3 g Si(CHg)3
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PP N NANNN—C—(C —N
H

Si(CHz)3
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Figure5: 'H NMR spectraof PP-t-Allyl-NH, prepar ed by the
combination of rac-Me,S[2-M e-4-Ph(Ind)] Zr CI/MAQ cata-
lyst and a) Allyl-NSi./H, chain transfer agent and b) after
treatingwith HCI.

Couplingreaction: Synthesisof PP-b-PCL and PP-
b-PS copolymers

Theexistenceof aterminal functiona groupin PP
wasfurther examined by achain extension reaction us-
ing thetermina functional group asthereaction site.
Specificaly, the coupling reaction in solution between
theterminal NH, in PP and theterminal COOH group
in polyestersand polystyrenehasbeeninvestigated. The
in situ formed diblock copolymers can be used as
compatibilizersin PP/polyester and PP/polystyrene
blends. Coupling reactions between PP-t-Allyl-NH,
(M,=45X10°* M /M_=2.0) and polycaprolactone
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(PCL:M_=50x10°g/mol, M /M =2.0) containing a
termina COOH group and with polystyrene containing
atermina COOH group (PS-t-COOH, M_ = 45 x
10° g/mol, M /M =1.2); prepared by living anionic
polymerization with CO, termination*); have been car-
ried out in refluxing toluene solution. Theresulting PP-
b-PCL diblock copolymer (with an amidelinkage) was
subjected to avigorous Soxhl et extraction by boiling
acetone to remove any unreacted PCL homopolymer
and the purification was continued until the composi-
tion of theinsol uble portion became congtant. Similarly,
theresulting PP-b-PSdiblock copolymer was subjected
to Soxhlet extraction by boiling THF to gain no detect-
able soluble PS homopolymer. In each case, thein-
solublefraction (solublein 1,1,2,2-tetrachl oroethane at
elevated temperature) is PP-b-PCL and PP-b-PS
diblock copolymerswhich are evidenced by *H NMR
spectrum. Figure 6 comparesthe'H NMR spectraof
the starting PP-t-Allyl-NH,, 6(a) and the resulting PP-
b-PCL 6(b) and PP-b-PS 6(c) diblock copolymers.

e

| | oo

x Ml

@

- ey

Figure6: 'H NMR spectraof PP-t-Allyl-NH, (a); PP-b-PCL
(b); and PP-b-PS (c).

Inadditiontothechemical shiftat 1.9, 1.6,and 1.1
ppm, corresponding to methine, methylene, and methyl
groupsin polypropylene (Figure6(b)), the new chemi-
cal shiftsat 4.1 and 2.3 ppm correspond to methylene

—=== Py | Paper

groups (CH,-O) and (CH,-C=0) in the PCL block,
respectively. The quantitativeanaysisof the copolymer
compositioniscaculated by theratio of twointegrated
intensitiesbetween 6=4.1 and 6=1.8-1.1 ppm and the
number of protonsthat both chemica shiftsrepresent.
These chemical shiftsindicate about 25 mol % of PCL
inthe PP-b-PCL diblock copolymer. Figure 6(c) shows
the *H NMR spectraof the formed PP-b-PS diblock
copolymer containing about 30 mol% of PS. Thetwo
broad peakswith chemical shiftsat 6.6 and 7.1 ppm
areattributed to the phenyl protons of the atactic poly-
styrene segments. The consistency of the copolymer
composition between theoretica and experimenta va-
uesclearly pointsto the effective coupling (amidation)
reaction and the existence of aNH, group at each PP
chainend.

DSC curvesof the PP-b-PCL diblock copolymer

Figure 7 compares the DSC curves of the PP-b-
PCL diblock copolymer containing 25% of PCL and
two corresponding PP and PCL homopolymers. Al
samples were hesat-treated by heating the samplesto
200°C beforecooling quiescently, and DSC curveswere

EIIJ r-lllJ EIIJ EIIJ 1EIIEI 12IIJ 11'-'1!3 '1EI=IJ 1%;0 2I.:IIJ

Figure7: TheDSC curvecomparison between (A) PP-t--
NH,(M_=80x10°g/mol,M /M =223),(B)PP-b-PCL (M =
120x10°g/mol,M /M =29)and (C) PCL (M =50x10°g/

mol,M /M =20).
—r—,  \lBCromolecules
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recorded in the second heating cycle. Two distinctive
crystalline structuresformed in the diblock copolymer
and exhibited melting temperatures (157 and 54°C) that
weresimilar tothose seenin the corresponding PP and
PCL homopolymers. Theresulting PP-b-PCL diblock
copolymer (containing 25 mol% of PCL) wasused asa
compatibilizer in PP/PCL polymer blends. Two polymer
blends—a PP/PCL (75/25 weight ratio), homopolymer
blend, and ablend comprised of a70/20/10 weight ratio
of PP, PCL, and PP-b-PCL, respectively - were pre-
pared by homogeneousmixing inadichlorobenzene so-
Iution a 180°C before precipitatingin hexaneat ambient
temperature. Filmswerethen press-molded at 180°C.

it

i-PP/PP-b-PCL/PCL = 70/10/20.

Ingenera, inthe homopolymer blend (Figure8a),
the polymers are grossly phase separated, as can be
seen by aminor component PCL that exhibits nonuni-
form, poorly dispersed domains, and voidsat thefrac-
turesurface. This*“ball and socket” topography is in-
dicative of poor interfacial adhes on between the PP
and PCL domains, and represents PCL domainsthat
arepulled out of the PP matrix. Such pull-out indicates
that no stresstransfer takes place between the phases
duringfracture. Theexistenceof theseparticlesor holes
isaclear indication of poor interfaceadhesionthat re-
sultsin clean separation from the continuous polymer
matrix during fracturing theblend sample. Onthe other
hand, the PP-b-PCL compatibilizer modified sample
show ahomogeneous morphol ogy onitsfracture sur-
face. Upon blending PP and PCL with the PP-b-PCL
competibilizer, adrastic changein themorphol ogy oc-
curs. Thecompatibilized blend shownin (Figure8b) no
longer displaysthedistinct PCL globulesand hasarather

Macromolecules

Figure8: SEM micrographsof (a) Two homopolymer blend with i-PP/PCL = 75/25and (b) Two homopolymer swith PP-b-PCL ,

Mor phological studies(SEM)

Scanning e ectron microscopy (SEM) wasused to
characterize and compare the morphol ogy of the PP/
PCL homopolymer blend (Figure 8a) and with the PP-
b-PCL asacompatibilizer withintheir polymer blend
(Figure 8b)*. SEM showstheliquid N_-fracture sur-
face, representing the undistorted polymer bulk, where
the sampleswere prepared by fracturing the polymer
filmsunder liquid nitrogen conditions, and SEM micro-
graphsweretaken on thefractured surfaces. For com-
parison, thesmpleblend sample; without combetibilizer;
was side-by-side compared with the corresponding
polymer blend (containing PP-b-PCL compatibilizer).

b} Two homopolymers with FP-5-FCL

flat, featureless surface, indicating very small domain
size. The addition of thediblock copolymer leadsto
stabilizing theinterfaces, and increasing theinterfacia
adhes on between the PP and PCL microdomains.

CONCLUSON

Isotactic polypropylenewith atermina amino group
has been prepared viametall ocene-mediated propy-
lene polymerization, using rac-Me,Si[2-Me-4-
Ph(Ind)],ZrCl /MAQ catayst complex in the presence
of adlaneprotected dlylamine. All of theexperimentd
resultssupport theformation of chainend functionalized
PP polymersduring direct (one-pot) metallocene-me-
diated propylene polymerization/chaintrangfer reaction.
The propylene propagating chain end engagesin afac-
Ileconsacutivechaintranster reection, reectingwithAllyl-
NS, and then hydrogen, with high catalytic activity un-
der the proper reaction conditions. With the proper
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choiceof reaction conditions, chaintransfer agents, and
catays system, itisvery convenient and efficient (with
high catalyst activity) to preparei-PPwith aterminal
NH,, group. The polymer molecular weight is propor-
tiond tothemolar ratio of [propylenel[Allyl-NS.]. The
slaneprotecting group can be hydrolyzedin acidic so-
[ution during the sample work-up step to obtain the
desirablei-PP polymerswith atermina NH,, group. In
turn, the PP polymer with areactivefunctional (NH.,)
group isauseful material that can beused to prepare
diblock copolymers by coupling reactions (chain ex-
tension reaction), with polycaprolactone (PCL) and with
PSinsolution, toform PP-b-PCL and PP-b-PSdiblock
copolymersthat areeffective compatibilizersin PP/PCL
and PP/PS polymer blends.
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