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REVIEW
Synthesis of Block, Graft and Star Polymers
from Inorganic Macroinitiators
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Recent advances in the synthesis of block, graft INTRODUCTION

and star polymers containing inorganic macro-

molecular species are described. Anionic copo- One of the most important elements in the
lymerization techniques were used in the for- production of copolymers is control over the
mation of diblock copolymers of poly(styrene- polymerization reaction. If the process can be
block-methylphenylsilylene) and poly(isoprene- manipulated so that the number of growing chains
block-methylphenylsilylene) by the ring-opening is constant and that chain transfer or termination
polymerization of 1,2,3,4-tetramethyl-1,2,3,4- reactions are avoided (or eliminated), then the
tetraphenylcyclotetrasilane initiated by living  functional group at the polymer terminus will be
anionic polystyrene and isoprene respectively. conserved, allowing for additional chemistry to
Hydrosilation of an attachable initiator onto  take place. Such transformation reactions can result
telechelic vinyl- or hydrosilyl-terminal or in production of a macroinitiator which can initiate
-pendant  poly(dimethylsiloxane)  (PDMS) polymerization of a different monomer, thereby
yielded a PDMS macroinitiator. This macro-  producing block copolymers. If a difunctional
initiator was used in atom transfer radical initiator is used, the same technique can be applied
polymerization (ATRP) of styrene and isobornyl  toward triblock copolymers. Furthermore, use of a
acrylate to produce ABA triblock copolymers.  functional group on a monomer in conjunction with
As a model for graft copolymers from a another monomer in a statistical copolymerization
polyphosphazene backbone, chemical trans- resultsin pendant species which can be transformed
formation of hexachlorocyclotriphosphazene to initiate polymerization toward graft copolymers.
resulted in hexafunctional molecules containing With such techniques the combinations and archi-

either benzyl bromide or bromopropionyl moi-  tectures of the copolymers can be tailored to yield
eties. The initiator 1,1,3,3,5,5-hexakis[4-(2- materials with properties that meet particular needs.
bromopropionyloxymethyl)phenoxy]cyclotri- Of particular interest are copolymers that contain

phosphazene was used in the ATRP of styrene to an inorganic block. Inorganic polymers generally
yield a polymer with a narrow, monomodal possess properties that are different from carbon-
molecular weight distribution. Chain extension based polymer§.The desire to produce block and
of this star polymer with isobornyl acrylate is  graft copolymers from inorganic and organic blocks
also described.© 1998 John Wiley & Sons, Ltd.  is generally pursued to exploit the best properties of
the individual materials and generate new classes of
compounds. For example, polysilylenes (polysi-
lanes) possess unique electronic and optical proper-
ties due tos-bond delocalization along the silicon
backbone, giving them potential applications in
Received 2 September 1997; accepted 7 November 1997  electronics and reprographics. Another example is
polysiloxanes, which possess high oxygen perme-
ability and favorable water and weather resistance.
Finally, polyphosphazenes have a broad range of
physical properties leading to applications in
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Schemel Synthesisof block copolymersof PMPSwith styrene(top) and isoprene(bottom) by anionic ring-opening

polymerization.

ionic mechanism$.Forexampletheliving anionic
polymerizationsof styreneand methyl methacry-
late are quite common,resultingin preservatiorof
polymerfunctionality. However,like the inorganic
analoguespolymerizationby ionic mechanismss
limited to arathernarrowclassof monomeraunder
conditionsof the most stringentpurity. Therefore,
the desire to develop a controlled free radical
polymerizationsystemhas driven researchin the
areafor thelastdecadeOneresultof this hasbeen
atom transfer radical polymerization (ATRP)3*
When an activatedalkyl halide is stirred with a
vinyl monomelin the presencef acoppercatalyst,
well-definedpolymersare obtainedwith predeter-
minedfunctionality and molecularweight, making
them ideal for the synthesisof a variety of
copolymers. The key to control is a rapid
equilibrium betweenactive anddormantpropagat-
ing species.Maintenanceof a low steady-state
concentrationof radicalsensureghat termination
reactionsare limited to nearly insignificantvalues
until very high monomerconversionsare attained.
So far, ATRP has beendemonstratedo provide
controlled polymerizationsof monomerssuch as

© 1998JohnWiley & Sons,Ltd.

®10 and ac-

styrenes; ® acrylates’ methacrylate
rylonitrile.**

In this papemwe discusgecentadvancesnadein
our laboratoryto producenovel copolymersand
architecturedasedon the unionbetweernnorganic
andorganicmacromoleculaspeciesAs the paper
shows, the two primary synthetic methods are

living anionicpolymerizationand ATRP.

DISCUSSION

Block copolymers of polysilanes
with vinyl-based polymers

The most common method of producing poly-
silanes,the Wurtz reductive coupling of dichlor-
osilaneswith alkali metals*? doesnot providethe
control over the polymerization necessaryfor
functionalization of the chain-endtoward block
copolymers.Using this mode of synthesis,sub-
stitution reactionson the phenyl rings of poly
(methylphenlsilylene) (PMPS)hasresultedn graft
copolymerswith poly(tetrahydrofuran)and poly

Appl. OrganometalChem.12, 667-673(1998)



POLYMER SYNTHESISFROM INORGANIC MACROINITIATORS

669

Table 1 Molecular-weightdatafor block copolymerscontainingpolysilanesandvinyl-basedcarbonmonomers

Entry Type A Mp a2 Mw/Mp, B M tot Mw/Mp,
1 AB Styrene 2400 1.06 (MePhSi)° 13,900 1.34
2 AB Styrene 4700 1.05 (MePhSi), 9700 131
3 AB Styrene 5400 1.05 (MePhSi), 26,400 1.24
4 AB Isoprene 3680 1.13 (MePhSi), 13,360 1.31

2 SECrelativeto polystyrenestandards.
b 1,2,3,4-Tetramethyl-1,2,3,4-tetraphenylcycloteitrase.

(methylmethacrylate}> To datethe bestmethodof
controlled polymerizationof polysilaneshasbeen
the anionicring-openingpolymerizationof 1,2,3,4-
tetramethyl-1,2,3l- tetraphenylcycl'matraslIane’L
Using this technlque the synthesis of block
copolymersof PMPSwith organic-basegolymers
is |IIustrated in Schemel for styrene and iso-
prene’ Intheponmerlzatlonstheorganlcblock|s
polymerized first, since those processesobey
‘living’ characteristicsNo transformationof the
active site is necessaryn the reactionssinceboth
polystyryl-lithium and polyisoprenyl-lithium will
initiate ring openingof the cyclotetrasilaneHow-
ever,in benzendhe resultingsilyl-lithium species

avad

"P1(0)" Catalyst

I I M62 I |
I—l-ﬁ'r—(CHz)z‘@'_/; (CHp),

"Pt(0)" Catalyst

existsasa tight ion pair and, as a result,doesnot
possesssufficient nucleophilicity to open subse-
guentsilicon rings. The presenceof 12-crown-4
generates looseion pair anda morereactivesilyl

anion which facilitates ring-opening polymeriza-
tion of the remainingcyclotetrasilaes. In both of

the polymerizations,addition of the cyclotetrasi-
lane and crown etherto a solution of the organic
polymer resulted in a clean shift of the size-
exclusionchromatography(SEC) trace to higher-
molecular-weightwith only a small tail toward
lower-molecular-weighspeciesThisindicateghat
the efficiencyof initiation of the first block toward
theseconds quitehigh, e.g.greateithan70%in the
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Scheme2 Generalmethodof synthesisof PDMS block copolymersusing ATRP.
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Table 2 Molecular-weightdatafor block andgraft copolymersoriginating from poly(dimethylsiloxane)nacroinitiators

Entry Type A My a2 Mw/Mp, B M tot. Mw/Mp
1 BAB PDMS 4485 1.32 Styrene 17020 1.33
2 BAB PDMS 9800 2.29 Styrene 20700 161
3 BAB PDMS 4485 1.32 Isobornylacrylate 13610 1.64
4 A-g-B° PDMS 6600 1.76 Styrene 14 800 2.10

2 SECrelativeto polystyrenestandards.
b Graft copdymer.

caseof polystyreneExamplesof block copolymers
of polystyreneand polyisoprenewith PMPS are
givenin Tablel. Theincreasan polydispersityof
the block copolymerrelative to the macroinitiator
reflects the presenceof residual homopolymer
which did not participatein block copolymeriza-
tion, aswell asthe non-living natureof the ring-

opening polymerization of the cyclotetrasilane.

Nevertheless,precipitation of the productsinto
solvents selective for only one of the blocks

demonstratedhat block copolymersratherthana
mixture of homopolymershadbeenproduced.
The solid-statemorphologyof diblock copoly-
mers of polystyreneand PMPS was probed by
transmission electron microscopy (TEM) and
scanningforce microscopy (SFM).”™> Microphase
separationwas confirmed by the observationof
cylindersof PMPSin a polystyrenematrix on the
TEM micrograph. Furthermore,when the block
copolymerwas placedin 1,4-dioxane(a selective
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Scheme3 Synthesi®of macroinitiatorsl,1,3,3,5,5-hexakis(4-bromomethylphenoxy)cyclotripiesgendA) and
1,1,3,3,5,5-hexakis[4-(2-bromopnamyloxymethyl)phenoxy]cyclotriphosphaze(t®).
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solventfor the styreneblock) andcastonto a mica

surface, formation of micelles was observedby

SFM, againin confirmationof microphasesepara-
tion.

Block and graft copolymers of
poly(dimethylsiloxane) with vinyl-
based polymers

Themostcommonsilicone,poly(dimethylsiloxane)
(PDMS), hasa T of —110°C. However,dueto its
low glasstransitiontemperaturethe polymeris a
fluid at room temperature,making it an ideal
candidatefor modification by a block or graft
copolymerizationThis techniquehasbeendemon-
stratedin the block copolymerizatio of PDMS
with numerousmonomerssuch as styrene*’&19
Controloverthehomopolymerizatiorof PDMSon
alaboratoryscalewasachievedby theintroduction
of anionic ring-opening polymerization of hexa-
methylcyclotrisiloxané’andoctamethylcyclotetra-
siloxane®* The commercialroute toward PDMS
relies on the ring-opening polymerization of
octamethylcyclotetrasikane. Control over term-
inal chainfunctionalityin this processvasbrought
aboutby addition of a terminatingagentfollowed
by fractionation of the desired polymers. In a
similar fashion, copolymerizationwith a functio-
nalized cyclosiloxanehasresultedin PDMS with
pendantfunctionalgroups.

The generalroute toward PDMS block copoly-
mers using ATRP s illustrated in Scheme 2.
Commercially available PDMS containing either
hydrosilyl or vinyl terminal specieswas reacted
with a benzyl chloride-functionalted attachable
initiator by hydrosilationwith Karstedt'scatalyst*?
Theisolatedpolymerwasthencapableof initiating
ATRP of vinyl monomersin the presenceof a
copper _ chloride/4,4-di(5-nonyl)-2,2-bipyridine
complex?®24 Table 2 showstypical examplesof
the ATRP of styreneor isobornylacrylatefrom the
macroinitiator.The polymerizationproceededvith
linear first-order kinetics and molecular weight
increasedinearly with conversionas expectedor
living polymerizationsThe high degreeof control
associatedwith ATRP resulted in a decreased
polydispersityof the block copolymerrelative to
the macroinitiator for higher-molecur-weight
PDMS. When the ratio of polystyreneto PDMS
wasincreasedthe materialrangedrom arubberto
athermoplastielastometo aplastic.Forisobornyl
acrylate,the observedncreasen polydispersityis
currently under investigation.The known incom-
patibility of PDMS in copolymerswith (meth)a-

© 1998JohnWiley & Sons,Ltd.

crylates® may alsobe responsiblgor problemsin
acrylatepolymerizations.

Entry 4 in Table2 showstheformationof a graft
copolymerof polystyrenefrom a PDMSbackbone.
Using the methodologydescribedin Scheme?2,
pendantvinyl-functionalizedPDMSwasconverted
to the macroinitiator Whenpolystyrenevasgrown
from the macroinitiatorsby ATRP, the polydisper-
sityincreasedrom 1.76t0 2.10.Thereasoris thata
variablenumberof vinyl moietiesper chainresults
from the condensatiormethod of producing the
PDMS.Hadeachchaincontainedexactlythe same
functionality, a decreasdn polydispersitywould
have been expectedupon addition of styreneby
ATRP.

Star polymers from
cyclotriphosphazene initiators

A final example of an inorganic polymer is
polyphosphazeneControlled polymerizationtech-
niques have allowed the production of polypho-
sphazene/polyphosphazeh®ck copolymers>2°
There is evidencefor grafting from®’ or ontc®®
polyphosphazenbackbonesut noneof the work
cited so far incorporatesthe combinationof the
wide variety of monomers possible and the
manipulationof chain length that controlled free
radical polymerization provides. The traditional,
non-controlled method for the production of
polyphosphazeneis the ring-openingpolymeriza-
tion of hexachlorocyclotriphsphazene.Nucleo-
philic substitution reactionsat phosphoruswith
eitheralkoxy or aryloxy substituentshenprovides
the desiredmaterials.Due to the vigorous poly-
merizationconditionsbranchingcanoccur,leading
to ill-defined structureswith broadpolydispersities.
Graft copolymersproducedfrom sucha backbone
would be subjectto the samelimitations. Changet
al. exploreda model systemwhere hexachlorocy-
clotriphosphazenewas converted to hexakis(4-
chloromethylphenoxy)cyotriphosphazen&®  In
the reactionsequencehexachlorocyclotriphosa
zenewassubjectedo a nucleophilicdisplacement
reactionwith p-hydroxybenzaldejde to produce
hexakis(4-formylphenoXgyclotriphosphazene.
This product was then reduced with sodium
borohydrideto the correspondingoenzyl alcohol.
Conversiorof the hydroxyl groupwith chlorineby
means of thionyl chloride yielded hexakis(4-
chloromethylphenoxy)cyotriphosphazene. This
material was then usedin ring-openingpolymer-
ization of oxazolineto producethe six-armedstar
polymer?®-3°

Appl. OrganometalChem.12, 667-673(1998)
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Figure 1 SEC traces for the ATRP of methyl acrylate
followed by isobornylacrylatefrom hexakis[4(2-bromopropio-
nyloxymethyl)phenoxy]cyclotriphosphazeritop number:M,,
(k = 10°) bottom number:My/Mp,.

Theimpetusfor starpolymerswasto serveasa
modelreactionfor ATRP of graft copolymersrom
apolyphosphazenieackboneln ourlaboratory the
Chang procedure was utilized to produce the
hexafunctionalbenzyl alcohol. From this com-
pound 1,1,3,3,5,5-hexakis(4-bnoomethylphen-
oxy)cyclotriphosphazeneand 1,1,3,3,5,5-hexakis
[4-(2-bromoprpionyloxymethyl)pheonxy]cyclotri-
phosphazenewere synthesized as shown in
Schemes3(A) and (B) respectively.In Scheme
3(A) formation of the product was achievedby
brominationof the benzylgroupusingphosphorus
tribromide. The initiator was recrystallizedas a
white colorlesssolid. Attachmentof the bromopro-
pionyl group in Scheme3(B) was facilitated by
esterificatiorof thealcoholwith 2-bromopropionyl

© 1998JohnWiley & Sons,Ltd.

bromide.Unlike thebenzylbromide-functionalized
initiator, this material was isolated as an oil;
crystallizationwas not observed,presumablybe-
causeof the multiple stereocenterassociateavith
eachbromopropionyligroup.

Theinitiator 1,1,3,3,5,5-hexakis[4-(2-bmopro-
pionyloxymethyl)phenox|cyclotriphosphazene
was usedin the ATRP of methyl acrylate.Linear
first-order kinetics was observed. However, a
deviation from the predicted molecular weight
was found. Since a lower-molecular-weighipeak
associatedwith initiation by chain transfer to
monomerwas not seenon the SEC traces, the
reasonfor the discrepancywas ascribedmore to
differencesin hydrodynamiovolumeof the methyl
acrylate star relative to the linear polystyrene
standardsusedto constructthe calibration curve.
The polymer was isolatedand usedin an ATRP
chainextensiorexperimentvith isobornylacrylate.
Figure 1 showsthe SEC curvesfor the combined
experiments Formationof the star-block copoly-
merwas confirmedby progressivencrease®f the
SEC tracestoward higher molecularweight spe-
cies.

CONCLUSION

By various synthetictechniqueswell-defined AB
and BAB block copolymers were produced,
combining organic and inorganic materials. The
AB diblock copolymers poly(styreneblock
methylphenylsilylene) and poly(isopreneblock
methylphenylsilylene)were synthesizedby the
additionof 1,2,3,4-tetramethyl-1,2,8-tetraphenyl-
cyclotetrasilando a solutionof polystyryl-lithium
or polyisoprenyl-lithiumrespectively By chemical
transformation techniques,vinyl- or hydrosilyl-
functionalizedpoly(dimethylsiloxanejvasmadeto
reactwith anattachablenitiator to producePDMS
containingbenzylchloride moieties. Thesemacro-
initiators were then usedin atom transferradical
polymerizationto produceBAB triblock copoly-
merswith styreneandisobornylacrylatealongwith
graft copolymersof styreneFinally, asa modelfor
graft copolymersfrom a polyphosphazendack-
bone,hexafunctionalnitiators of cyclotriphospha
zene containing either bromopropionylor benzyl
bromide substituentswvere synthesizedATRP of
methyl acrylate using the initiator 1,1,3,3,5,5-
hexakis[4-(2bromopropionybxymethyl)phengy]
cyclotriphosphazeneproceededin a controlled
fashion,yielding a polymerwith a narrow, mono-

Appl. OrganometalChem.12, 667-673(1998)
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modal molecular-weigh distribution. The purified
polymer was then chain-extendedvith isobornyl
acrylateto producea multiblock starpolymer.
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