Hybrid Polymers Technical Field The present disclosure relates to polymers that contain monomer
species capable of forming stereocomplexes with each other. The polymers described herein can be
used, for example, to improve the physical properties of thermoplastic composites. Background
Polyester polymers have developed considerable interest due to their excellent physical properties and
low manufacturing costs. However, many of the most widely used polyester polymers, such as
polyethylene terephthalate, are not biode§itetabie Zed rmmhave long lasting environmental
consequences. To cope with these problems, much effort has been focused on developing
polymer materials that, when discarded and left in the environment, are naturally degraded by
microorganisms and/or other natural factors into harmless materials. A number of biodegradable
polyester polymers have been developedfram haturallyderiged feed stocks as well as synthetic or
semi-synthetic precursors. One such biodegradable polyester is polylactic acid (or polylactide),
which has garnered@nsiefiid intefess W) forthetaéethasit chf beombgaprsducedsdiom
renewable respurees, such.gs corn starch apd sugar cane.and jis useful ghysical properties.

Enantiopure polylactic acid is a crystalline thermoplastic material that has tensile strength equivalent to

that of polye#H&5€ aRBREPSHEreliey BqGivalentabitRat of paetipehdtetdhiefael dpportantly,
pclylactic acighreadily degrades when discarded.inthe enviconmenfintalactc.agig, carbon dioxide,
and water, all of which are essentially environmentally harmless. Despite the many desirable
physical proB&RR_ExhAstedthy-pEyReHd agit! fts Fieresttitfieness and notch sensitivity pose a
considerable scientific challenge and limit its large-scale application as a structural material.
Accordingly, there exists a need to develop ragthrgs dami@ughening polyester polymers, such as
polylactic acid, which do not compromise the strength, stiffness, and transparency of the polymer.

Summary  Accordihg 6 BSrst aBpeet™iete is Brofided SEFGIRE Gompridiiy- pbRester and at

least one polyhesralnligemeria-silsesguioxang cwhetain therpalyesier ipeaprile pfforming a

stereocomplex with a polymer comprising a complimentary polyester. According to a second

aspect, theré ®&pr g St OBEMpfSESprising XG4t ond Bolymer s de¥eribBasit the first

aspect abovei de 1Accarding tognihjieaspect, ghermis psovided ehcoraposita-eemsprsing ak least one

polymer of the first angg[‘[t above and at least oneaatrix%?%[ner. The polymers described herein
[

are capable %??oer%kll gs earggcomaqugxe?(\?vtrth B&@/ ers e %in@%gmﬁlﬁ’f?en ‘9%0| &4ters. These
stereocomplexes tan berysec-ionenhante dhe seephanicas properties, the thermal resistance, and the

hydrolysis re5|stan§e of Cpcgglj?:/ester tt_’r]?ler gglgstlc composites comprising. gweﬁn)%.p ck)ﬁ}Ad\i)agtea eously, the
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polymers describe Rereirfcan be tsed 16 |mpr8ve e t%ughness of & mat mer, Suc

focused on developing polymer materials that, when
discarded and left in the environment, are naturally
degraded by microorganisms and/or other natural factors
into harmless materials.

A number of biodegradable polyester polymers have
been developed from naturally derived feed stocks as well
as synthetic or semi-synthetic precursors.

One such biodegradable polyester is polylactic acid
(or polylactide), which  has garnered considerable
interest owing to the fact that it can be mass-produced
from renewable resources, such as corn starch and sugar
cane and its useful physical properties.

Enantiopure polylactic acid is a crystalline
thermoplastic material that has tensile strength
equivalent to that of polyethylene and transparency

equivalent to that of polyethylene terephthalate.



as polyester, without effecting the strength, stiffness, and transparency of the matrix polymer.
Furthermore, by controlling the strength of the interfacial interactions between the polymers described
herein and the matrix polymer, the morphology and fracture characteristics of the formed composite
can be predictably controlled and the tensile strength of the composite can be improved. According
to a fourth aspecirthent is/proviged rlmethod complising thessiepy of cdatacivigsa polineer as
described inghe fitst aspect gbove with  nolymer comerising a.comnlimentary polyester ynder
conditions that Tavor sefereocomp exation, there y %rming a stereocomplex conmiprising the polymer as
described indheZfitstaaspectraboverahdthe palyher codmpriginigca complimerstagepalyestéry Definitions
The followin r ter S ein shall have the meaning indicated: As used herein, the
term "alkyl ggfoﬁ/lgf%%%ﬁgggg %/{v?ti#w ﬁg Fnh&egé?ugngg' monovalent (‘alkyl") and divalent ("alkylene™) straight
chain or branched Eain Saturatedalipmaticygrodissshavdpg fromphics 10 garbopatees g, 2, 3, 4, 5,
6. 7. 8. 9, ordficarbon atogs. Feexamnle dhe erm alkybinclydss, buhis nptiied ip, gaethyl. ethyl,
1-propyl, isopropyl, 1-butyl, 2-batyl, isobutyl, tert-butyl, amyl, 1,2-dimethylpropyl, 1,1-dimethylpropyl,
pentyl, isoperitd, hegiich-mabpipehiy imethyipentyd 2-Aratiyigensb Bemetdsdgeritpf ic
2,2-dimethylbutyl 133 dimethyibutyly 1 2-dimethylbud 1 3dimethwlauyl, 1,2 2imethylpzopyl
1,1,2-trimethylpropyl, % ethylpentyl, 3-ethylpentyl, heptyl, 1-methylhexyl, 2,2- dimethylpentyl,
3,3-dimethylpehtyF A alimesyfseryl; 1,2-dimethylpentyl, 1,3-dimethylpentyl, 1,4-
dimethylpentyl,1,2, 3 tdmetyllautyl, 1, 1.2= frimethylbuyl, 1, T 3drmethyloutd Ssgetialhepiy, 1-
metnylheptyl, octyl, nonyl, decyl, and the like. ~ The term "alkenyl group" includes within its meaning
monovalent ¥ @fkeryPY HREHivAenP ARy SEne HSHERMH Dr briRcHed 2RairPGisatdatedaliphatic

hydrocarbon,grosips haviag frem 24640 carhonAems, eghe, Jdronbih, 8, 99k £abon atoms
and having at least one double bond, of either E, Z, cis or trans stereochemistry where applicable,

anywhere indfe A CRRAT BRGMpRSs SRAKERAGRGEps include but are not limited to ethenyl, vinyl,
allyl, 1-methylvinyl, 1- propenyl, 2-propenyl, 2-methyl-1-propenyl, 2-methyl-lpropenyl, 1-butenyl,
2-butenyl, 3-butentyl, 1,3- butadienyl,1-pentenyl,2-pententyl,3-pentenyl,4- pentenyl, 1,3-pentadienyl,
2,4-pentadienyl, 1,4- pentadienyl, 3-methyl-2-betBHE X hexenyl, 2-hexenyl, 3- hexenyl,
1,3-hexadienyl, 1,4zhexaeianyg 2+ metaylgantenyl, dsheptenyl, 2hbeptenty, Johepteaydal- actenyl,
1-nonenyl, 1-decenyl, and the like. ., The term "alkynyl group" as_used herein includes within its
meaning mORGVATRRE (alkSHVRS hirtivalcht (‘BRyMISKES stralfft or Branc&d Sain GRS urated

aliphatic hydsecarhea graups kaviagten 2 to 16 tadonyatonisaard havingatteast one-tigple bond
anywhere in the carbon chain. Examples of alkynyl groups include but are not limited to ethynyl,
? EEW % ég%% ge ]f&%

1-propynyl, f—%u}/y%?/}:,ef-buqffnyfigr%e 6§/I-é>- utynyl, 34 etﬁyl-f—%%lfyenoy(ﬁoﬂgent})(/n)}'f, e?ynyl,

methylpentynyl] {rtzeptyryphp2-heptymyh 1e aotyhyheaactynylpdhoayt dxdecynyl, and the like. The
term "cycloalkyl" a%used erein refers to cgclic ?Iturated %Iiphgc groups and ing/_lygeawithin its

meaning monovalenff"%)l;c 8§lliyl' ,Oanad divalen 'C)&}éﬁgglﬁylén ,isaatura%esd,rﬁgﬁocrlc%lcycaﬁc,

polycyclic orsfused polyeypdlexhydwoarborsradicalsdtaving &aat 3 toct@ecarhomlatoms, e 3, 4, 5, 6, 7,
8,9, 0r10 cg@ggﬁtg@g. Exan esfgfr%lgloaaélgéggo%pnsoigglyde but are not limited to cyclopropyl, 2-

According to a third aspect, there is provided a
composite comprising at least one polymer of the first
aspect above and at least one matrix polymer.

The polymers described herein are capable of forming
stereocomplexes with polymers comprising complimentary
polyesters. These stereocomplexes can be used to enhance
the mechanical properties, the thermal resistance, and
the hydrolysis resistance of polyester thermoplastic
composites comprising them.

Advantageously, the polymers described herein can be

used to improve the toughness of a matrix polymer, such



methylcyclopropyl, cyclobutyl, cyclopentyl, methylcyclopentyl, 3-methylcyclopentyl, cyclohexyl, and the
like. The term "aromatic group”, or variants such as "aryl" or "arylene" as used herein refers to
monovalent ("aryl") and divalent ("arylene") single, polynuclear, conjugated and fused residues of
aromatic hydrocarbons having from 6 to 10 carbon atoms. Examples of such groups include phenyl,
biphenyl, naphthyb phenarthrenyi, @nolthe dike€e ct The terhe"aralkyhgs nsedherefimdrceiydes within
its meaning monavalent ("aryl”) and divalent ("aryiene"), single, polynuclear, conjugated and fused
aromatic hygr%gar roahnrsal[tgj‘%é%sn> gﬁa&%edg %ediéglaé% ,}éaﬁgﬁia?}éﬂf i/‘sfraight and branched chain alkylene
radicals. The tero'Optiomathesubstiuteddas used hegeinttheans theegroulp toadhichtthes term
refers may ben%gs@séigué d, or ea]]ya%ecs%bstitu%%dtwgh Ig)n%gné mare roggls in%g%%gq n;;jl& selected
from alkyl, ajrkeny, a?kyny, thioalkyl, cycjfoeﬂ[?yl, cycloaﬁ<eny, eteg?ocg’é]‘oa I%yl, alo, carboxyl,
haloalkyl, halealkymyl, yddoxyt, fatkoxyathioatkoxypalkeryloxy, hadoalkoxyphalbalikenylexyd nitro,
amino, nitrogliyl. Figoalkenyl, pittoaligt, nirohgteragyclyl, Allylaming, dialkylaming, alkenylamine,
alkynylamino, acyl, alkenoyl, alkynoyl, acylamino, diacylamino, acyloxy,

alkylsulfonylexy deterabyctoxy dretarodyclidansing, haloheterosycloalkgl: atkyisulfenyt, alkyiearbonyloxy,
alkylthio, acxlggﬁgogjl@hgg%-ggnt%%g@ps such as phosphono and phosphinyl, aryl, heteroaryl,
alkylaryl, alkylheteroaryl,cyano,cyanate,isocyanate, C(0O)NH(alkyl), and -C(0)N(alkyl)2. The term
"complimentary pofyese¥dastseechedeirf rdarsho agiohrister s cabablew? feasag &
stereocomplexithythe plyester.contained in therefgrencg compoung. 19 c?cgqiwéqbogig]ents, the
complimentary polyester can comprise an enantiomeric isomer of the polyester present in the
reference coRFEEIRSA cettBin EmBodifierts, thestosslimemarepoljéster can coflprise s
stereotactic isqrperiQfithe polyesterreseriindhe re?&%@?poﬁ%er Thefgrm {'sigreocomplex”,
"stereocomplexation”, and the like as used herein refers to the association or complexation of two or
more polymERSfraving difféfent tAERCIEES SRBLEEBAAGIrations WFRieRYrevaiRGVERhe association or

complexatiogwaf pobrnersiafthe-sape tagticity and/opsepfiguration. Jbis-assockation betyeen one or
more polymers results in the formation of a complex. A "homo-stereocomPlex" refers to a. complex
of two or mdréFdlymetSREGRg thRRS5fe stARfure, Wikt diffBRAYREGACCRYSREIGH @ Rfigufation. A
"hetero-stereea@mplexn efers o gemplex of two or more polymers having different chemical
structures. The word "substantially" does not exclude "completely” e.g. a composition which is
"substantially free" from | may be completely &% ¥ Svhere necessary, the word "substantially”
may be omitted frorhtherdafintionef the uentied. tetdilessspedifiacathepmise 1thpdeans
"comprising'f': nd "cc:)a%n&rise", ﬁ%d gramm_atical variants thereof, are intended to represent "open" or
"inclusive" |la a“éj% Ktha %éyafﬁﬁﬁlde recited elements but also permit inclusion of additional,
unrecited elementsas  Asadsedthkereim the tern "abaeut”, indbe-contextoficoncenirations of
components of the formulations, typically means +/- 5% of the stateq value, more.typically +/- 4% of
the stated vglh%tgrln%re Jf)l/épsicaﬁ?ef =396 of fﬁ%nﬁgfaeée\?aﬁue, (m“3rlekt5§/]|ec})ic)alIy,a +f 205 10%5%%68 ated value,
even more typicaltyy +£1184 of the statedtvaluezand evenimenedypicallydi 0.5%=af the stated value.
Throughout this disclasure, certain embodiments may be disclosed,in a rapge format. It should be
understood ?hal'iffjf?ea1 aégcr%ﬁi%ﬁgﬁ ragr?éfel%?m%n %mm%rep[f fo?%oﬁ%grﬁgﬁcg g%&‘ %feveft? 'an% ‘should not
be construed as3an iaflexable éimitatiord on the scopklofthe distlosedmanges:Acesrdinmgly the
description Qf %rag%gﬁhglilggbf corqgggésé%to have slpgcig%%llyfi{?ﬁ%seéi aél the 8% sible sub-ranges
as well as indlilwdua numerical values within that range. For example, éeescnptl'on of a l%ncje such as
from 1 to 6 sHdud be dommidered to Harrspatificallyldiseiozed sub-kanges sucksadiroml to 3, from 1
to 4, from 1 fr 0 4, 2 tg 6, fror ell.as,in 'vigy@I ithin that
range, for eﬁ%rgsle?)l, E 3, 4%%hd % %hgghb%%%glr%e;ggr%?e%v's of file gr&eadth gfH %%Sé?gé. Disclosure
of Optional BRbBdmerits cPeEkEmplaiE$10n-liniting ErmBadimenis ofla pelyhietreesmposite

comprising tieRolypepand gmethod o pgpyatioy thereof wilkngw he disgloged. 3 5.
dimethylbutyl, 1,2-dimethylbutyl, 1,3-dimethylbutyl,
1,2,2-trimethylpropyl, 1,1,2-trimethylpropyl, 2-
ethylpentyl, 3-ethylpentyl, heptyl, 1-methylhexyl, 2,2-
dimethylpentyl, 3,3-dimethylpentyl, 4,4-dimethylpentyl,
1,2-dimethylpentyl, 1,3-dimethylpentyl, 1,4~



The polymers described herein can comprise a polyester and at least one polyhedral oligomeric
silsesquioxane, wherein the polyester is capable of forming a stereocomplex with a polymer
comprising a complimentary polyester. The polymer can be an alternating copolymer, periodic
copolymer, a statistical copolymer, a random copolymer, a block copolymer, or combinations thereof.
The polymerdare bewnligleck gdpolymer. In derfaid embodimertshtheBlock copolymieris a dih ock,
triblock, tetrablock,.qr pentablock copolymer. . In certain embodiments, t olymer is_a block
copolymer, %5%8%5% a E)%;Ygéter 1(5CL’(:’k£:';_(n%(jr é%%?ya%r)%gt%ygéck?W%gFelx %’u%eg g@éryl%t—e block
comprises antgasy bhe polyhedeal toligonericsiisesquigianeadd theepdlykster block is capable of
forming a stereoc lex with a,poal omprising a.complimentaty. polyester block. T. olyester
can have the Foimu ael ?%—%QO O%%%%ﬁ%il %%?gn,a%%éggv%o et%l%tr:npgé ssfé?%:sc:te%(é rélr%ngfout 1to
about 1,000wisa svhole numbeét sekected from about 1 tdiabkout10; and 'Rilis #ndependéntly selected
from the group.consisting of bydrogen, ajkyl alkenylalkynyl, aralkyl. cycloalkyl, cygloatkenyl
heterocycloalkyl, and heterocycloalkenyl. In certain embodiments, m is about 1'to about 900; about
1 to about 8bFCalssta beralmue7og; dBit %o About GO0 abadt 1T ElbuE E0T:Saboag20 to about
500; about 100 tg abput 300; aboyt 2Q0 taabquit 509; erahout 30010 aboUtSQQ. -, 5 - M cgrtain
embodiments’v is 1-10; 1-9; 1-8; 1-7; 1- 6; 1-5; 1-4: 1-3: or 1-2. In certain embodiments, v can be 1, 2,
3,4,5,6, 7,88br 190 dpvbkérairPemBodiménts s AlkyF cydoalkyl arafidyl, Keteiddycloalkyl,
heteroaryl, ashetergaraliyl swrtéﬁb%b%@%&ﬂ& a"%i%ﬁé\ﬂeln %rtﬂﬁémg@ﬂ@%m& is
methyl, ethyl, propyl, butyl, hexyl, cyclohexyl, cyclopentyl, benzyl, or pheni/jl. In certain
embodimen&R e polyEstetid 3&letéd %RE Yrodp CoRSistingofrde dut are not

limited to ethenyl, vinyl, allyl, 1-methylvinyl, 1-
propenyl, 2-propenyl, 2-methyl-l-propenyl, 2-methyl-1-

propenyl, 1l-butenyl, 2-butenyl, 3-butentyl, 1,3-
butadienyl, l-pentenyl, 2-pententyl, 3-pentenyl, 4-
pentenyl, 1,3-pentadienyl, 2,4-pentadienyl, 1,4~

pentadienyl, 3-methyl-2-butenyl, 1l-hexenyl, 2-hexenyl, 3-
hexenyl, 1,3-hexadienyl, 1,4-hexadienyl, 2-
methylpentenyl, 1-heptenyl, 2-heptentyl, 3-heptenyl, 1-
octenyl, l-nonenyl, l-decenyl, and the like.

The term "alkynyl group" as used herein includes
within 1its meaning monovalent (“alkynyl”) and divalent
(Y“alkynylene”) straight or branched chain unsaturated
aliphatic hydrocarbon groups having from 2 to 10 carbon
atoms and having at least one triple bond anywhere in the
carbon chain. Examples of alkynyl groups include but are
not limited to ethynyl, 1l-propynyl, 1l-butynyl, 2-butynyl,
l-methyl-2-butynyl, 3-methyl-l-butynyl, l-pentynyl, 1~
hexynyl, methylpentynyl, l-heptynyl, 2-heptynvyl, 1-
octynyl, 2-octynyl, l-nonyl, 1l-decynyl, and the like.

The term “cycloalkyl” as wused herein refers to
cyclic saturated aliphatic groups and includes within its
meaning monovalent (“cycloalkyl”), and divalent

(“cycloalkylene”), saturated, monocyclic, bicyclic,



Oim Etm _m and wherein m is as described herein. The polyester can be substantially
syndiotactic, substantially isotactic, or substantially heterotactic. In certain embodiments, the polyester
is substantially isotactic. In certain embodiments, at least about 99 molt, at least about 97 molt, at
least about 95 molt, at least about 90 molt, at least about 85 molt, at least about 80 molt, at least about
70 molt, at leastaboul 60 malty at IEasteaboupbQ yaolt; At teastahbutddrott, at ieast abawt 30 molt, at
least about 20 molt, or.at least about 10 molt, of the repeating ester units of the polyester_are the same
enantiomer.%av ngcegtg%mer%b?)t(ﬁmt(lejﬁts,cggtgﬁrﬁoat%cg%%m %@0%,5 ébo%‘t 7é to gbo:?t 106 molt, about
80 about to 200 molt, alvout85teoaboat 6@ molE-about 86 tocaboutyidlombkty abogt 90te about 97
mol%, or abgg&?%é%abog;lg? mol% of the repeating ester units of theggl ester are the same

i . T ,
enantiomer. n certain embo wﬁgnts,r%ﬁe polyester contains 90 {61 (WSKI%/E,y to 99 mol%, or 95

to 99 mol% wean ¥ llagtic agidaemitl Other unitscihclodeyalD-lactic asid iritearidydnits othethan lactic

acid. The to@é%ﬁ}%ﬁ*ﬁ%‘ﬁﬁ egé(ﬁtic a%ig&é]{t 4 %%?ﬁ%%%% ; n Ia%%igégl e poggater can be 0

to 10 mol%, 1t %, 1 t0 5'mol%. In nts, the polyester ¢ontains 90 to 100
mol%, 90 to8Embikeor 95 to 99 mol% of a D-lactic acid unit. Other units include an L-lactic acid unit

and units other than lactic.acid. Th%gﬁla@gun%xyggg,blacgg acid_unit.and units, ather g@an lactic

acid in the polyester can be 0 to 10 mol%, 1 to 10 mol%, '1‘ to 5 mol%. The polyester can have a
weight average mblectlar waight ®fabolit,000°6 abeue30,00C §An6!; disoul 200V @bbut 25,000

gimol; about; 4,009 fo pbok 20,000, gira);: aboui-000-t@ ahout 45,000 0/l o 3wt 5,900 fo about

15,000 g/mol. ~ "The polyester is capable of forming a stereocomplex with a polymer comprising a
compliment&9TPoREESS InFeftaifh eRfsbdikfehtS URE cotbplifeptay HolyEster earbeeBmprise a

polyester blegkthatis enaptiomericor stgregisomeric (e-gmdifferingintactieity) with the pglyester of
the polymer. The stereocomplex can be a homo-stereocomplex or a heimero-stereocomplex.
groups include phenyl, biphenyl, naphthyl, phenanthrenyl,
and the like.

The term “aralkyl” as used herein, includes within
its meaning monovalent (“aryl”) and divalent (“Marylene”),
single, polynuclear, conjugated and fused aromatic
hydrocarbon radicals attached to divalent, saturated,
straight and branched chain alkylene radicals.

The term ‘“optionally substituted” as used herein
means the group to which this term refers may be
unsubstituted, or may be substituted with one or more
groups independently selected from alkyl, alkenvyl,
alkynyl, thicalkyl, cycloalkyl, cycloalkenyl,
heterocycloalkyl, halo, carboxyl, haloalkyl, haloalkynyl,
hydroxyl, alkoxy, thiocalkoxy, alkenyloxy, haloalkoxy,
haloalkenyloxy, nitro, amino, nitroalkyl, nitroalkenyl,
nitroalkynyl, nitroheterocyclyl, alkylamino,
dialkylamino, alkenylamine, alkynylamino, acyl, alkenoyl,
alkynoyl, acylamino, diacylamino, acyloxy,
alkylsulfonyloxy, heterocycloxy, heterocycloamino,
haloheterocycloalkyl, alkylsulfenvyl, alkylcarbonyloxy,
alkylthio, acylthio, phosphorus-containing groups such as

phosphono and phosphinyl, aryl, heteroaryl, alkylaryl,



In instances, where the stereocomplex is a heterostereocomplex, the stereocomplex can form as a
result of the complexation of the polymer and a polymer comprising a polyester, such as poly (n-lactic
acid), poly(L-lactic acid), poly((R)-3-hydroxybutyrate), poly((S)-3-
hydroxybutyrate),poly((R)-3-hydroxyvalerate),and poly((S)-3-hydroxyvalerate). In certain
embodiments] thye hetersastergdcomplexyeancform astherrasalt of theleomplexatien of a pelymer as

described hgrgy} ﬁﬁ? é"l&%}ﬁﬁer S%‘Iegtg\gﬁza%{eq fthqe?{ ggtféc;up consisting of: Fo Jo) 1-0;"k 000 m wherein m

is as described herein. fns?élnces, eocomplex is a homostereocomplex, the
stereocomplex cartesult-feam theccomplexatioreofAiwe polyasers @S described beréimreach comprising

complimentary_ palyesters capable -of forming a stereocomplex In certain nQd'ments, the
polyhedral oﬁi%%%%éric sﬁ@es%uio&%n%%%é%ge Ztr%p%cal ormgﬁ':\p%gl](% ZfJ;L\f?he%gi]ﬁbﬁégn be hydrogen,
alkyl, alkenys talkgayd caraliask cycioalkyl, dyicioalkenyly heteracycloalkyh Oreldeteroeycloalkenyl.

Polyhedral (}I'@Pg}eégcglsesg&gﬁ@ﬂfqa can forn&gpencsé%&rgs ore%%%@ir@ﬂgﬂi}(e styyctures, such
a

as in the shape of cubes, hexagonal prisms, octagonal prisms, and decagonal and dodecagonal
prisms.  Thapblytedial dligomeli sisestuic@nes canpiaveghe formutdisaleétemdohs the group

consisting OESMRA' §}_O'Stt§1i94 "EB:R}Q%'%%P/ Il%loegént in the reference

compound. In certain embodiments, the complimentary
polyester can comprise a stereotactic isomer of the
polyester present in the reference compound.

The term “stereocomplex”, “stereocomplexation”, and
the 1like as used herein refers to the association or
complexation of two or more polymers having different
tacticities and/or configurations, which prevails over
the association or complexation of polymers of the same
tacticity and/or configuration. This association between
one or more polymers results in the formation of a
complex.

A “homo-stereocomplex” refers to a complex of two or
more polymers having the same structure, but differing in
tacticity and/or configuration.

A “hetero-stereocomplex” refers to a complex of two
or more polymers having different chemical structures.

The word “substantially” does not exclude
“completely” e.g. a composition which 1s “substantially
free” from Y may be completely free from Y. Where
necessary, the word “substantially” may be omitted from
the definition of the invention.

Unless specified otherwise, the terms "comprising"
and ‘"comprise", and grammatical variants thereof, are
intended to represent "open" or "inclusive" language such
that they include recited elements but also permit

inclusion of additional, unrecited elements.
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As used herein, the term "about", in the context of
concentrations  of components of the formulations,
typically means +/- 5% of the stated wvalue, more
typically +/- 4% of the stated value, more typically +/-
3% of the stated value, more typically, +/- 2% of the

g

stated value, even more typically +/- % of the stated
value, and even more typically +/- 0.5% of the stated
value.

Throughout this disclosure, certain embodiments may
be disclosed in a range format. It should be understood
that the description in range format is merely for
convenience and brevity and should not be construed as an
inflexible 1limitation on the scope of the disclosed
ranges. Accordingly, the description of a range should be
considered to have specifically disclosed all the
possible sub-ranges as well as individual numerical
values within that range. For example, description of a
range such as from 1 to 6 should be considered to have
specifically disclosed sub-ranges such as from 1 to 3,
from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from
3 to 6 etc., as well as individual numbers within that
range, for example, 1, 2, 3, 4, 5, and 6. This applies
regardless of the breadth of the range.

Disclosure of Optional Embodiments

Exemplary, non-limiting embodiments of a polymer, a
composite comprising the polymer and a method of
preparation thereof will now be disclosed.

The polymers described Therein can comprise a
polyester and at least one polyhedral oligomeric
silsesquioxane, wherein the polyester 1s capable of
forming a stereocomplex with a polymer comprising a

complimentary polyester.



.../ O\1\ R4----5\ 0\ R4 00 O0St\'--, R4 711- Si/\NOO (0\ R4. R4, and wherein R4 can be hydrogen,
alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl, cycloalkenyl, heterocycloalkyl, or heterocycloalkenyl.

The polymer can be an alternating copolymer,
periodic copolymer, a statistical copolymer, a random
copolymer, a Dblock copolymer, or combinations thereof.
The polymer can be a block copolymer. In certain
embodiments, the block copolymer is a diblock, triblock,
tetrablock, or pentablock copolymer.

In certain embodiments, the polymer 1is a block
copolymer, comprising a polyester block and a
polyacrylate Dblock, wherein the polyacrylate Dblock
comprises at least one polvhedral oligomeric
silsesquioxane and the polyester block 1is capable of
forming a stereocomplex with a polymer comprising a
complimentary polyester block.

The polyester can have the Formula 1:

m

Formula 1
wherein, m is a whole number selected from about 1 to
about 1,000; v is a whole number selected from about 1
to about 10; and R' is independently selected from the
group consisting of hydrogen, alkyl, alkenyl, alkynyl,
aralkyl, cycloalkyl, cycloalkenyl, heterocycloalkyl, and
heterocycloalkenyl.

In certain embodiments, m is about 1 to about 900;
about 1 to about 800; about 1 to about 700; about 1 to
about 600; about 10 to about 600; about 20 to about 500;
about 100 to about 500; about 200 to about 500; or about
300 to about 500.

In certain embodiments v is 1-10; 1-9; 1-8; 1-7; 1-
6; 1-5; 1-4; 1-3; or 1-2. In certain embodiments, v can

be 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10.



In certain embodiments, R4 is methyl, ethyl, propyl, iso-propyl, cyclopropyl, butyl, iso-butyl, cyclobutyl,
pentyl, cyclopentyl, hexyl, cyclohexyl, isooctyl, phenyl, or benzyl. The polyhedral oligomeric
silsesquioxane can also be an open cage structure selected from the group consisting of:  Si-0-,--Si
['"OSi /101?IRRR'R" /-...", R"/SiO-R. /I 10

In certain embodiments, R' is alkyl, cycloalkyl,

aralkyl, heterocycloalkyl, heteroaryl, or heterocaralkyl.
In certain embodiments, R' is alkyl or aryl. In certain
embodiments, R' is methyl, ethyl, propyl, butyl, hexyl,
cyclohexyl, cyclopentyl, benzyl, or phenyl.

In certain embodiments, the polyester 1is selected

from the group consisting of:

L m ,and

wherein m is as described herein.

The polyester can be substantially syndiotactic,
substantially isotactic, or substantially heterotactic.
In certain embodiments, the polyester 1is substantially
igsotactic.

In certain embodiments, at least about 99 mol%, at
least about 97 mol%, at least about 95 mol%, at least
about 90 mol%, at least about 85 mol%, at least about 80
mol%, at least about 70 mol%, at least about 60 mol%, at
least about 50 mol%, at least about 40 mol%, at least
about 30 mol%, at least about 20 mol%, or at least about
10 mol% of the repeating ester units of the polyester are
the same enantiomer.

In certain embodiments, about 70 to about 100%,
about 75 to about 100 mol%, about 80 about to 100 mol%,
about 85 to about 100 mol%, about 90 to about 100 mol%,



"Si---", 0/ 0 /0/31-0-Si1/0 \R' R' and wherein R' can be R4 or an attachment site to the
polymer.

about 90 to about 97 mol%, or about 95 to about 97 mol%
of the repeating ester units of the polyester are the
same enantiomer.

In certain embodiments, the polvester contains 920 to
100 mol%, 90 to 99 mol%, or 95 to 99 mol% of an L-lactic
acid unit. Other units include a D-lactic acid unit and
units other than lactic acid. The total amount of the D-
lactic acid unit and units other than lactic acid in the
polyester can be 0 to 10 mol%, 1 to 10 mol%, 1 to 5 mol%.

In certain embodiments, the polyester contains 90 to
100 mol%, 90 to 99 mol%, or 95 to 99 mol% of a D-lactic
acid unit. Other units include an L-lactic acid unit and
units other than lactic acid. The total amount of the L-
lactic acid unit and units other than lactic acid in the
polyester can be 0 to 10 mol%, 1 to 10 mol%, 1 to 5 mol%.

The polyester can have a weight average molecular
weight of about 1,000 to about 30,000 g/mol; about 1,000
to about 25,000 g/mol; about 1,000 to about 20,000 g/mol;
about 1,000 to about 15,000 g/mol; or about 5,000 to
about 15,000 g/mol.

The polyester is capable of forming a stereocomplex
with a polymer comprising a complimentary polyester. In
certain embodiments, the complimentary polyester can be
comprise a polyester Dblock that is enantiomeric or
stereoisomeric (e.g., differing in tacticity) with the
polyester of the polymer.

The stereocomplex can be a homo-stereocomplex or a
hetero-stereocomplex.

In instances, where the stereocomplex is a hetero-
stereocomplex, the stereocomplex can form as a result of
the complexation of the polymer and a polymer comprising
a polyester, such as poly(D-lactic acid), poly(L-lactic

kY

acidj, poly ((R) -3-hydroxybutyrate) , poly ((S)-3-

10



The polyhedral oligomeric silsesquioxane can be bonded to the polymer directly, via a linker, or as a
pendant group on a polymer covalently bonded to the polymer comprising a polyester. In instances
where the polyhedral oligomeric silsesquioxane is bonded directly to the polymer, the polyhedral
oligomeric silsesquioxane can be bound to the polyester via a silicon oxygen bond, e.g., by silylation of
a terminal highdéxgkgroupioraseminal carbosylic(d&d gholny Snekeypalestste) , In instances where
the polyhedr?g # rg si ﬁeqﬁqyl?;@;pf [ to the polymer via a linker, the linker can be any
linker know mf qqur]f ngzﬂ ples o Iinkeerg%;%]ﬁde, but are not limited to alkyl,
cycloalkyl,alkenyl,cyeloatkenytaryEaadidd enerocy slbalkiie heterosiiyk rresroaralkyt ligkers optionally
substituted with gthers, amides, ureas, carbamates. gsters. amines, hioethers, sylifopes, sulfoxides,
sulfonamides, and combinations thereof. In instances where the linker is"/bonded directly to the
polyester, théeliffiketeaA beonted 2614 térnihedl FHAIFEY| 6reaBbRA ohthE pblyes@E.dHRertain
embodimen%%g}y&q{é:a@ﬂave the foula -(CR2) p[ (CR2 ) gX (CR2)/ or - (CR2) a (OCR2CR2) U -
, Wherein, p is a whole number selected from 1-100; g is an integer selected from 0-100; t is an integer
selected from 0-100; R is independently selected from the group consisting of hydrogen, alkyl, aralkyl,
cycloalkyl, and heterocycloglkyl; and X i EIN )-5 -0(0)-, EN( C(0)-, -C(O)N(R)-,
-S02-, -S(C)-, -00(6Y0s, )N%Q)Q, <5 -N(FO8025 e 802N(R) -.  In
certain embodiments, p i a whole num o1-30;/1-20; and 1-10. In
certain embodiments, @15 an integer selected fréth 0-80; ; 0-20;@nd 0-10. In certain
embodiments, t is an integer Q,=lerf-od from 0-80; 0-60;-0-40; 0-30; O-20'rand 0-1 The polymer

e polym8r asl, 2 34,5,6,

7,8,9,10, 11, 2,9 : polyH értain embodiments the
polymer has 1-15; 1t+19; or-1-5 polyhedigl oligomeric silsesdufaxa on instanges where the
polyhedral oligomeric silsesquioxane is a pendarit'group on a polymer covalently bonded to the
polymer comprising a polyester, the pplymer tan be represented;by the Formula 2: R2

Ph

%‘O 0 % %‘O

O

silsesquioxanes;can be the same or different. In|ceytaj embodi81 _LJ?
: . , -
S.

m ,and

wherein m is as described herein.

In instances, where the stereocomplex 1is a homo-
stereocomplex, the stereocomplex can result from the
complexation of two polymers as described herein each
comprising complimentary polyesters capable of forming a
stereocomplex.

In certain embodiments, the polyhedral oligomeric
silsesquioxane has the empirical formula RSiO;,,, wherein
R can be hydrogen, alkyl, alkenyl, alkynyl, aralkyl,
cycloalkyl, cycloalkenyl, heterocycloalkyl, or
heterocycloalkenyl. Polyhedral oligomeric silsesquioxanes
can form open structures or closed, cage-like structures,
such as in the shape of cubes, hexagonal prisms,
octagonal prisms, and decagonal and dodecagonal prisms.

The polyhedral oligomeric silsesquioxanes can have

the formula selected from the group consisting of:

11



Formula 2 wherein n is a whole number selected between 1 and 20; A is a linker as described herein;
B is the polyhedral oligomeric silsesquioxane; R is independently selected from the group consisting of
hydrogen, alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl, cycloalkenyl, heterocycloalkyl, and
heterocycloalkenyl; and R2 is independently selected from the group consisting of hydrogen, alkyl,
alkenyl, alkynyl, aralkyl, cycloalRyl, cycloalkent, heterocycloalkyl, and.peterocycloalkenyl. In
certain embodiments, R2 is hydragen, meth ¥ ethyl, or Qpyl. In gertain embodiments, A has the
formula -(CR2)p- or -[CR2CR2(Q Rzg%gyi]-; p is whole ﬁ@ﬁb@rséz cted from 1-20; and g is an
integer selected from Q-10. Ip/éer in o 'ments,Ahastgfe;f%im‘ula- CH2)@-qt
[CHZCHZ(OCHZCHZ)A-.\hSieef(&i?ﬁ—e bodinpents, Als -(CH2 -,OZT@I@ {CH2) 4 ;CH2)5 -t
or(CH2) 6 In certain ehbeelimehtsﬁheqi)o\lymer of ?ﬁ@l{&g@r@ 1presented by the Formula:

gyh/edral Bligomeri¢ s i’[‘

A/SI\O\Si/O

OTh - wherein nis 1-15 an Bo'rgtheopo ilsesqglioxan€in certain embodiments,
the polymer of Formula 2 is-.—/——o—— }i/ R
4 \ A
R 4 Yo
R4
N
e \o
\O R4 R4 l \S'/R4
S| \ ot
5 108" Qe 4 7’%
‘ o V0~ — N o—S
L \4 \ si— O/ \
R4 ‘\O R 0] O\ g \O S‘/ 0
Si " ‘\‘"O\
\ ' N y o) \ S
0] R% [~ 4 4
< \ \
R , and R*

wherein R* can be hydrogen, alkyl, alkenyl, alkynyl,
aralkyl, cycloalkyl, c¢ycloalkenyl, heterocycloalkyl, or
heterocycloalkenyl.

In certain embodiments, R® is methyl, ethyl, propyl,
iso-propyl, cyclopropyl, butyl, iso-butyl, cyclobutyl,
pentyl, cyclopentyl, hexyl, cyclohexyl, isooctyl, phenyl,
or benzyl.

The polyhedral oligomeric silsesquioxane can also be
an open cage structure selected from the group consisting

of:

12



represented by W.,, Si R4'51 [ 00, the .,,,0 _ R4\ /R4 |---SH-0 0 1 \ R4 Formula:

R
R R !
\Si————o——Si ’ \ss/o s:/R

\o R l\OH o/ l R o/ o

NI VAR R /O LS

/s.mo———-s: E §i——0-—$

HO CI)R:—S;‘—(L-O /Si\ OIR'O s;-0-o /S;\R

2 e VAR VAN
/s:———o——s. Si——0—5;j R
R \? and R \T

wherein R’ can be R* or an attachment site to the polymer.

The polyhedral oligomeric silsesquioxane

bonded to the polymer directly, via a linker,

or as a

pendant group on a polymer covalently bonded to

polymer comprising a polyester.

In instances where the polyvhedral oligomeric

silsesquioxane 1is bonded directly to the polymer,

polyhedral oligomeric silsesquioxane can be bound to the

polyester via a silicon oxygen bond, e.g., by silylation

of a terminal hydroxyl group or terminal carboxylic acid

group on the polyester.

In instances where the polvhedral oligomeric

silsesquioxane is bond to the polymer via a linker,

linker can be any linker known in the art. Examples of
linkers include, but are not limited to
cycloalkyl, alkenyl, cycloalkenyl, aryl,
heterocycloalkyl, heterocaryl, heteroaralkyl
optionally substituted with ethers, amides,
carbamates, esters, amines, thiocethers, sulfones,

sulfoxides, sulfonamides, and combinations thereof.

aralkyl,

linkers

In instances where the linker is bonded directly to

the polyester, the 1linker can be bonded to a terminal

hydroxyl or carboxyl on the polyester.

In certain embodiments, the linker can have

formula ~(CRz)p-, -[(CR2)gX(CRz)clp-, or ~[(CR;)q(OCR:CR:) ] -

, wherein, p is a whole number selected from 1-100;

an integer selected from 0-100; t is an integer selected

13



HsiO\W 1.0 ".-0--SLR4 bR4 0 HOR4 R4R4\/ Ib .,.. R41'0 ,- I:24 2- .i,---0-Si---- \si_.--""

R4

si_d_R4#l,icci\/u ..1i...~- OiR4 i/Sii"0-—-_ 1/ Si

from 0-100; R 1is independently selected from the group
consisting of hydrogen, alkyl, aralkyl, cycloalkyl, and

heterocycloalkyl; and X is -0-, -0C(0)-, -C(0)0O-, =-N(R) -,
-C(0)-, -N(R)C(O})-, -C(O)N(R)-, -80,-, -S(0)-, -0C(O)O-, -
N(R)C(O)N(R)-, -N(R)C(0O)O-, -OC(O)N(R)-, -N(R)SO2-, or -
SO,N(R) - .

In certain embodiments, p is a whole number selected
from 1-80; 1-60; 1-40; 1-30; 1-20; and 1-10. In certain
embodiments, g is an integer selected from 0-80; 0-60; O-
40; 0-30; 0-20; and 0-10. In certain embodiments, t is
an integer selected from 0-80; 0-60; 0-40; 0-30; 0-20;
and 0-10.

The polymer can contain from about 1 to about 20
polvhedral oligomeric silsesguioxanes. The polyhedral
oligomeric silsesquioxanes can be the same or different.
In certain embodiments, the polymer has 1, 2, 3, 4, 5, 6,
7, 8, 9, 10, 11, 12, 13, 14, or 1% polyhedral oligomeric
silsesquioxanes. In certain embodiments the polymer has
1-15; 1-10; or 1-5 polyhedral oligomeric silsesqguioxanes.

In instances where the polyhedral oligomeric
silsesquioxane 1s a pendant group on a polymer covalently
bonded to the polymer comprising a polyester, the polymer

can be represented by the Formula 2:

Formula 2
wherein n is a whole number selected between 1 and 20;
A is a linker as described herein;
B is the polyhedral oligomeric silsesquioxane;
R is independently selected from the group consisting of

hydrogen, alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl,

14



il wherein n is 1-15 and R4 is hydrogen, alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl, cycloalkenyl,
heterocycloalkyl, or heterocycloalkenyl. The polymer of Formula 2 can be directly bonded to the
polymer comprising a polyester or bonded via a linker to the polymer comprising a polyester. In
instances where the polymer of Formula 2 is bonded directly to the polymer comprising a polyester,
the polymerafdbomule2gan behematentlycdttachedlvia anrekygeatcarbary band akatgrininal hydroxyl
or terminal car oxyl, e.g., an ether linkage or an ester linkage. In instances where the polymer of
Formula 2 isbonded via a linker to the polymer comprising a polyester, the linker can be represented
by the Formifa:iGs1 R3%=R8whseinR. 843 envlepéndently selectgd drom thergrbep togsisting of

hydrogen, a. Ikyl, cyclaalkyl, and.aryl; or two.nstances of R3 taken together form a 3-7
membered é&:{io%%a%%ﬂln %g%g%’em%%]é%wﬂégté, I§3§JL ?{sy Ay érc’)ge%roa?la %y%‘ In c%?tca?;lo %%1}%%2i’ments, R3is
methyl. w@mmemh@mhembmﬁéﬁ@tF@mtha@tismﬁedmaiﬁnkér-to the polymer
comprising a polyester, the, palymer can amprise & polymer of Farmula 3. Formylag, 1

ethyl, or propyl.

In certain embodiments, A has the formula - (CR;)p- or
- [CR2CR, (OCR,CR;) 4l -; p is whole number selected from 1-20;
and g 1s an integer selected from 0-10. In certain
embodiments, A has the formula - (CHz) p- or -
[CH,CH; (OCH,CHz) gl -.  In certain embodiments, A is - (CH3).-,
-(CHz)3-, —(CHz)4-, —(CHz)s-, or =(CHz)e-.

In certain embodiments, the polymer of Formula 2 can

is represented by the Formula:

Bln

wherein n 1is 1-15 and B 1is the polyhedral oligomeric
silsesquioxane.
In certain embodiments, the polymer of Formula 2 is

represented by the Formula:

‘Q;ﬁo F? otg//\\\//A\\o //%
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wherein m is a whole numb

A has the formula -(CR2)1,-

er selected from 2 to 350; n is a whole number selected between 1 and 20;
or -[(CR2)q(0CR2CR2),l-, wherein, p is whole number selected from 1-20;

g is an integer selected from 0-10; t is a whole selected from 1-10; B is the polyhedral oligomeric

silsesquioxane; R is indepe
alkynyl, aralkyl, cycloalkyl,

selected from the group cof
heterocycloalkyl, and heter
hydrogen, alkyl, alkenyl, alk
heterocycloalkenyl; and R’

aralkyl, cycloalkyl, and aryl.

ndently selected from the group consisting of hydrogen, alkyl, alkenyl,
tycloalkenyl, heterocycloalkyl, and heterocyg¢loalkenyl; Ri is independently
1sisting of hydrogen, alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl, cycloalkenyl,
hcycloalkenyl; R3 is independently selgcted|fram the group consisting of

ynyl, aralkyl, cyclan@yl loalkyl, and
S independ%ggﬁ?’ lected Trom the group consisting of hydrogen, alkyl,

f Formula 2 is bonded via a

In certdin isyst ries where the polyme
sing a Qg(x%s’te;kf Potyner can comprise lymer of Formula 4:
hole ritimb E%Iécted from 2 to 350; n is a whdle number selected

linker to the polymer compr
Formula 4 wherein mis a w
between 1 and 15;

er

n

wherein n is 1-15 and R* is hydrogen, alkyl, alkenyl,
alkynyl, aralkyl, cycloalkyl, cycloalkenyl,
heterocycloalkyl, or heterocycloalkenyl.

The polymer of Formula 2 can be directly bonded to
the polymer comprising a polyester or bonded via a linker
to the polymer comprising a polyester.

In instances where the polymer of Formula 2 1is
bonded directly to the polymer comprising a polyester,
the polymer of Formula 2 can be covalently attached via
an oxygen carbon bond at a terminal hydroxyl or terminal

carboxyl, an ether linkage or an ester linkage.

e.g.,
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A has the formula -(CR-Ap- or -[(CRig(OCR,CRid-, wherein, p is a whole number selected from 2-20; q
Is a whole selected from 1-10; t is a whole selected from 1-10; B is the polyhedral oligomeric
silsesquioxane selected from the group consisting of: R4 \/(/A'i 0 Si\ //0 0/ IR4 /ISiR1:4)--1 R'0 //,/
/R4 R R4 211 R4- --Si si R4R4

In instances where the polymer of Formula 2 1is

bonded via a linker to the polymer comprising a

polyester, the linker can be represented by the Formula:

Rs

wherein R’ is independently selected from the group
consisting of hydrogen, alkyl, aralkyl, cycloalkyl, and
aryl; or two instances of R3 taken together form a 3-7
membered cycloalkane. In certain embodiments, R?® 1is
hydrogen or alkyl. In certain embodiments, R® is methyl.

In certain instances where the polymer of Formula 2
is bonded wvia a 1linker to the polymer comprising a
polyester, the polymer can comprise a polymer of Formula

3:

Formula 3

wherein

m is a whole number selected from 2 to 350;

n is a whole number selected between 1 and 20;

A has the formula -(CR;)p- or -[(CR,)4(OCR:CR;).]-, wherein,
p 1s whole number selected from 1-20; g 1s an integer
selected from 0-10; t is a whole selected from 1-10;

B is the polyhedral oligomeric silsesquioxane;

R is independently selected from the group consisting of
hydrogen, alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl,
cycloalkenyl, heterocycloalkyl, and heterocycloalkenyl;

R' is independently selected from the group consisting of
hydrogen, alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl,

cycloalkenyl, heterocycloalkyl, and heterocycloalkenyl;
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, Fe /0 ---Si W-\0\ 0Si \---- -N.. OR4 /SSi.---4- | R4\ R4, andR4 is independently selected from
hydrogen and alkyl,

R’ is independently selected from the group consisting of
hydrogen, alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl,
cycloalkenyl, heterocycloalkyl, and heterocycloalkenyl;
and
R* is independently selected from the group consisting of
hydrogen, alkyl, aralkyl, cycloalkyl, and aryl.

In certain instances where the polymer of Formula 2
is bonded wvia a 1linker to the polymer comprising a
polyester, the polymer can comprise a polymer of Formula

4:

Formula 4

wherein

m is a whole number selected from 2 to 350;

n is a whole number selected between 1 and 15;

A has the formula - (CR;)p- or —[(CR;)4q(0OCR,CR;):]~, wherein,
p is a whole number selected from 2-20; g is a whole
selected from 1-10; t is a whole selected from 1-10;

B is the polyhedral oligomeric silsesquioxane selected

from the group consisting of:

//I R¢ //| ?”‘“Of’g\

R ° //O 0 g9« OR_Rre
\S! o-1—si | R /’Si——-'O“""Si\/Si/
|R"’—S|i— ~0——Si__ \SMLO R4\ O\

T o c[) o V N

o i 0 R
/Si/-—O——Si/ R4/ O—g”
R4 \ \
R* R*
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R3 is independently selected from the group consisting of hydrogen, alkyl, aralkyl, cycloalkyl, and aryl;
R4 is independently selected from the group consisting of hydrogen, alkyl, aralkyl, and cycloalkyl; R5
is selected from the group consisting of hydrogen, alkyl, aralkyl, cycloalkyl, heterocycloalkyl, and aryl;
or has the formula -[CR3(OCR2CR?2),J- wherein u is a whole number selected from 1-20; and R is
independently selected fromihe group consisting of hydrogen, alkyl, aralkyl, cycloalkyl, and
heterocycloalkyl. In certain embodimenisiRs is methyl, ethyl, or CH3OCH2CH2-. In certain
embodiments, the polymer of #ormila 4 gan have the formula:  wherein m, n, A, B, and R5 are as
defined herein an po@/es er comprisgs isotactic polylactic acid. In certain embodiments, the
polyester comprises p é/(Lplac ic acid) or£?l /(D-actic acid). The polymers described herein can
be readily prepared u mg met?wods \/vell own to those of skill in the art. Convergent synthetic routes
for the preparation of thepoly arépRe,{ rred due to imuroved yield an %éfffICIency Convergent
synthesis of the polymier d/sszﬂb@d h\ém an entail the prepa ation of thle polyester component, the
preparation of the co d compr sing ihef polyhedral ollgomerm§%%8’qmoxane and the covalent
attachment of the‘i’p’fye r compo nt andlthe compound co @ng/the palyhedral oligomeric
silsesquioxane. Sche e 1 belo |Ilugh’astesRa convergent rgute bgg)e p:lyﬁnerskdescnbed herein.
Scheme 1. Wherein iy, hAOBR2g R4, and Rs are as d,gxscﬁ'bed\
R4
R4 , and R* ;
R’ is independently selected from hydrogen and alkyl;
R’ is independently selected from the group consisting of
hydrogen, alkyl, aralkyl, cycloalkyl, and aryl;
R* is independently selected from the group consisting of
hydrogen, alkyl, aralkyl, and cycloalkyl;
R® is selected from the group consisting of hydrogen,
alkyl, aralkyl, cycloalkyl, heterocycloalkyl, and aryl;
or has the formula -[CR;(OCR.CR,).]- wherein u 1s a whole
number selected from 1-20; and
R is independently selected from the group consisting of
hydrogen, alkyl, aralkyl, cycloalkyl, and
heterocycloalkyl.
In certain embodiments, R® is methyl, ethyl, or
CH;OCH,CH, -
In certain embodiments, the polymer of Formula 4 can

have the formula:

wherein m, n, A, B, and R® are as defined herein and the
polyester comprises isotactic polylactic acid. In
certain embodiments, the polyester comprises poly(L-

lactic acid) or poly(D-lactic acid).
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herein and X is halide, e.g., chloride, bromide, or iodide. The polyester 1 can be reacted with a

linking group 2, such as an alpha halo acid halide in the presence of a suitable base. The alpha
halo ester substituted polyester 3 can then be reacted with an u,3-unsaturated ester 4 in a metal
mediated atom transfer radical polymerization ("ATRP") to yield the desired product 5. A variety of

polyesters are commercially available and can be used in the methods for preparing the polymers
described herein. Sych polyesters includ e_not limited to poly(D-lactic aci lyd.-lactic acid),
poly((R)-3-hydroxy uﬁlratg(?gﬁ;%(%%-s-rf/%%(?)%y%%?%te@ ggf‘y (R)-%%ydr%@va%ﬁa%%,xa dpoly((S)-3-
hydroxyvalerateparedolyesteys cmtieadily be Synthesizad Byothé polymeriZatioh iof hydroxy
substituted ¢aypoxylic aciqs and ihe.tng-apaning polyrerization of jJadines or.eyelig digsters
represented by the for'mula:OO ow grer%n v?{s a w%ole number selected froms%bg%;{ 1 to about 10; and
Rl is independeritlysseleciothfrom the gravpedarisisting @i Rydregenn g sslkenye bdkyayidaralkyl,
cycloalkyl, cg%lgggfgxh}hgterocycloalkyI, and heterocycloalkenyl. The polymerization reaction can
be carried out in a conventionally known reactor, for example, vertical reactors equipped with a high
viscosity stirring bl&fa¥6eg a5 heliciy ibb6F bfade OWhictt Afay BeCdsétRaldne BEFCEoRsISiRation. An
alcohol maype useg as & polupedzationlatog. Bhs,alcohebpreferably does ot japede he
polymerization of polylactic acid and is nonvolatile, as exemplified by decanol, dodecanal,
tetradecanof; PlBRABEEEN0, [t adsc@irdt FhABN© §lyEBE trictApene glyeeraid BeRgy Blkdhol.  The
terminal carbexylicagid, unitof the palyestersanhe gonvartaddto an gterusing standastht

methodologies known to those of skill in the art. For example, the carboxyl can be activated by

formation of EHFAGHCRIYridE ImitdtParkydHas [GrachiiedReer, st Fedchsd vifiia Stksble alcohol
to form the esign Alleinaiivels the carmoxylic agid caane-deprotonatedrand reaeied with alkyl halide,

alkyl tosylate, or the like. In another method, the carboxylic acid can be subjected to a Fischer

esterification reactiShiii e preRencd of- at APprétirate Gcifi 25 T6HP HE ediBH The MipHd Falo ester 3
can be reacteshwitle the addcurisatdrated-ester 4 using a living(controlled) polymerization reaction.
Living polymerization reactions are useful for preparing well defined polymers with low polydispersity
indices. 60I§7merization is a form of polymerization in which the ability of a growing polymer
chain to terminate has been repn@ved. Chain termination andahain transfer reactions are absent or
occur at a very $ow riate andkthexrate of radical i itiation fi’sﬁ%gr&lg/ muclylar
propagationReb resulf of thes Bogditions, er chain cang
compared with traditippal polyRi&tization react and eaelyrmenomer blockkc
sequentially. Depending on the nature of the Polymer that is desired, the appropfiate living
polymerization technique can be employed to prepare the polymer, Such living polymerization
methods indlUet ity Bnioflic &olyl%eriéztioﬁ%virg‘g ’ca%%hica &yﬁ‘useriazﬁﬁoﬁl,sli\ﬂ%ggﬁgé?fdjrcal
polymerizatinariding freedadical pelymernization, liwing groupHansierepolymetizmatian, ancdiving
ZiegIer-Natt?nggyg%erization.

The polyester 1 can be reacted with a linking group
2, such as an alpha halo acid halide in the presence of a
suitable base.

The alpha halo ester substituted polyester 3 can
then be reacted with an o,p-unsaturated ester 4 1in a
metal mediated atom transfer radical polymerization
(“ATRP”) to yield the desired product 5.

A variety of polyesters are commercially available
and can be used in the methods for preparing the polymers
described herein. Such polyesters include, but are not
limited to ©poly(D-lactic acid), poly(L-lactic acid),

poly ( (R) -3-hydroxybutyrate), poly((S)-3-hydroxybutyrate),
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The polymer can be prepared by atom transfer radical polymerization ("AIRP"). AIIRP is an example of
a living radical polymerization method, which employs the use of a transition metal catalyst to mediate
the formation of carbon-carbon bonds in a highly controlled process. ATRP reactions typically employ
an organic halide initiator (e.g., compound 3 of Scheme 1), an olefin monomer (e.g., compound 4 of
Scheme 1), pothalttansitiemmitabcatalystrat eThe organic hatide initiator isstypicallg an drganic
halide, suc%asd% b}(comia%feorac%helc;ride (e.g., compound 3 of Scheme 1), Organic bromides tend to be
more reactivé’angpyafll & better results than organic chlorides, Typical organic halides include, but
are not limited to akRylLivalklesy benzygbhalideszathalp esters, andrachalsiamides.by Arpherganic
halide initiatgr in the preparati f th I esCIi in. The organic halide
initiator cant%%%%%rli%g%%ga ﬁ%&al%e, a erll(')zc%/}lgi‘qaliggf8 (grga%g]ﬁ{wa 0 egtge%.%%X #Eié: orgggn:ll’ca%alide
initiator can dedepiesentetdnyraeomppund of Forakis orR3 Fodmglad whersin Xyeahise chloride or

bromide; ang.R3.can be al e@r@%y&&y&p%& of%gggycloalkyl. A broad range of transition

metals can be used to catalyze ATRP reactions. Such transition metals include, but are not limited to
Group IV metals, such as Ti, Group VI metals, sgel as Mo, Group VII metals, such as Re, Group VI
metals, such as Fe, Ru, and Os, Group IX met§is; h as Rh and Co, Group X metals, such as Ni
and Pd, and group Xl metals, such as Cu. TheVoal B?st counterion can be a halide ion, a
pseudohalide, a carboxylate, triflate, Or hexafluorB[Eﬁ%hate. The transition metal, e.g., copper,
can be complexed with a nitrogenous ligand, such@s derivatives of bidentate bipyridine (bpy) and

pyridine iming, dridenfate diethylgnefiamioe (RDEFA), and ietradeqtate bigl2apout 1 to

aminoethy]lamine(TREN),1,1,4,7110,10- hexamethyltriethylenetetramine,N,N,N’,N’,N"-

pentamethyRirstH{lenétiiafiite (PFMDTA) BAG RStPiEatyeiofetrhtietshe (CPELARG. IXTHR olefin

monomer caihhe 24noRegMErE refp}r,@@%ggggl by £Ompou nd ﬂ{@ﬁy%.phe@gk%)nﬂt,hea@@m@qg below, the

Compow“jiggaggygg?wa: cycloalkenyl, heterocycloalkyl, and
heterocycloalkenyl.

The polymerization reaction can be carried out in a
conventionally known <reactor, for example, vertical
reactors equipped with a high wviscosity stirring blade
such as helical ribbon blade, which may be used alone or
in combination. An alcohol may be used as a
polymerization initiator. The alcohol preferably does not
impede the polymerization of polylactic acid and 1is
nonvolatile, as exemplified by decanol, dodecanol,
tetradecanol, hexadecanol, octadecanol, ethylene glycol,
triethylene glycol and benzyl alcohol.

The terminal carboxylic acid unit of the polyester
can be converted to an ester using standard methodologies
known to those of skill in the art. For example, the
carboxyl can be activated by formation of an acid
chloride, mixed anhydride, or activated ester, and
reacted with a suitable alcohol to form the ester.
Alternatively, the carboxylic acid can be deprotonated
and reacted with alkyl halide, alkyl tosylate, or the

like. In another method, the carboxylic acid can be
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Ov 14 -25- 0 Ivo 0/ 0--sc-- wherein R4 is iso-butyl. ATRP reactions can be conducted in a broad
range of solvents, such as benzene, toluene, xylene, tetrahydrofuran, 1,4-dioxane, anisole,
dimethylfoLmamide, dimethylsulfoxide, water, alcohols, such as methanol, ethanol, and isopropanol,
acetonitrile, chloroform, and combinations thereof. In the examples below, the ATRP reaction is
conducted i tétrahydeafuran. a ThéATRP reastien ¢dn betcomductechby tontacting theeorganic
halide initiator ég% }‘li(r:sé manomer present in atlgg desired Pgly ner agg th% ér%aggition metal catalyst
under the aﬁproprlate reaction conditions for the ATRP reaction. The transition metal catalyst first
reacts with tieergahigizalidexihitiates teeforn® ancerganometaticdhtetmediate. Thissinterniediate can

then sequeqﬂ@gg@@g 'nseréiggé'gto the do%@&?gnd fthelrygrjlgr%]er to< {:%r{pc% Deyw.c rbon-carbon
rbon

between the initiator and the monomer and ca etal bond with the catalyst. This newly formed
intermediateocary ventimattosequeatidlioreact Wity monopwlryhyinsertinginto teecolefimef additional
monomer prgsent ia lefeation. i Lis, wax, g polymer chaincontiaugs fo.orguig lengfh unti
substantially all of the first monomer IS consumed In this fashion. After the first monomer is
substantiallyedisiisas itddsiredndiseednd monomer can be introduced into the reaction vessel and

the second block oﬂh;ai%lyeggg%ﬁ\gpgztg@gghthgéagwef@;giogfTB'@l%ggaszccgpig% repeated until

the polymer has the desired number of blocks. Once the desired number of blocks has been achieved
the reactions!s@ppeiandlheé Hesired prodliEP1E1iB6laRIL AT & cop B/ Hier t@ntefAifg BIE6rganic

initiator at agerminal end pf the black copolymer aoga Hansition mesal residye, 8,42 halide, at the
proximal end of the polymer. If desired, the transition metal residue can be removed or chemically
modified, e.§S ¥Rt Edithe PEAEd AMthCredticil ayent iy replade KA iafodehe  The

polymers desgrbedkerginsfurther can camprise a catalyst Lesidue cavalently-attached gt g terminal
end of the polymer as illustrated in the figure below. !O R50 B J1 wherein m, n, A, B, Rl, R2, R3, R4,
and R5 are 58€8estfibéd Rdreiff BRUTheERRFSPeSIe X cAR bé setéctdd frorf EhishEsS Bromide, or

iodide.  Adveatagesusly, thesplymers prepasach usigg AR reactigngandaverasvely ow
polydispersity index (PDI). The PDI of the polymer can be from about 1 to about 2; about 1 to about
1.8; about 148%hout 1%; aboal 3G aBout ¥5 AboutF 36 abdGPRE; abBRYREIFGR IS bout 1 to

about 1.2, oraheutibigsabauitd.l. each monomer block can be prepared
sequentially.

Depending on the nature of the polymer that is
desired, the appropriate living polymerization technigue
can be employed to prepare the polymer. Such 1living
polymerization methods include living anionic
polymerization, 1living cationic polymerization, 1living
free radical polymerization, living free radical
polymerization, living group-transfer polymerization, and
living Ziegler-Natta polymerization.

The polymer can be prepared by atom transfer radical
polymerization (“ATRP”). ATRP is an example of a living
radical polymerization method, which employs the use of a
transition metal catalyst to mediate the formation of
carbon-carbon bonds in a highly controlled process. ATRP
reactions typically employ an organic halide initiator
(e.g., compound 3 of Scheme 1), an olefin monomer (e.g.,

compound 4 of Scheme 1), and a transition metal catalyst.
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Thepolymersdescribedhereincanform stereocomplexes when combined with a compound comprising a
complimentary polyester.The compound comprising a complimentary polyester can be a second
polymer as described herein or a polyester polymer. The formed stereocomplex can be used to
improve the physical properties of polyester polymers, such as polylactic acid. The stereocomplex
can be prepared byrhmxing ¢egetherte polymei mstdescribed hertanp and hlpolymepcygataining a
complimentary polyester ina predetermpingd weiohtralig yndergonditions thal fayar,ng
stereocomp exatlon,’theregy forting the stereocomplex. ~ In‘instances where the stereocomplex
comprises twé pblyneers as describegklnereintocontaiding coermalintentdary potyestersahe twe polymers
as describe rei re in.a rati :100 to -1 (mol:mol: Su@g&% tios include but
are not Iimit%I ?o a%&%t)qi 81GEJ to 2%%%%?10; &aogcgllﬁlé% to %1 %%lt 1:%};9%%2%:1 to a%o%?%%%% about 2:1 to
about 1:2; abomtiLt51 toadeut ¢:115 b @absutin2sude abbuttl.25:¢; atssut 1AMt teedbobe1:1.1; or
about 1:1. 1 Ths mixng gan begapried oytin the presenge of.a salvent, The selvent s fiot
particularly limited if it can substantially dissolve the polymer described herein and the polymer
containing a@sorasifnentary polyester. Examples of suitable solvents include, but are not limited to
dichloromethane, chjgroform, dighloregthane, tefrachloreefhang, tetralyydrofiran, dipxapge sulfolane,
N-methylpyrrolidone, N,N-dimethylacetamide, and dimethylformamide, which can be used alone or in
combinationP¥ €PBpaf fsimatith of it steRRSTEIAIER, it € Belibsidted REMitAe reacti®F solvent
using traditienal pyrificationstgehniques; sugh as filratignard-Qr solvent gyaporationse,  dhe mixing
may be carried out in the absence of a solvent. That is, the polymer described herein and the polymer
containing aplimEfthnfolyester aré' medtRefdetiogether. Predetermined amounts of the
polymer described hgeein g the palymeiLContaining @-¢ornphmentap: pelyester are mixed together
and then melt kneaded together, or a method in which any one of them is molten and then the other is
added to an§¥neaYEE themoltéh material can be employed.  Also provided is a composite
comprising at least one polymer described hereincangd at least one matrix polymer. The matrix
polymer can be a polyester, including but not Iiréni di aliphatic polyesters, such as polyglycolic acid,
poly(D-lactic acid), poly(L-lactic acid), poly((R)-:3-hydroxybutyrate), poly((S)-3-hydroxybutyrate),
poly((R)-3-hydroxyvalerate), poly((S)-3-hydroxyvalerate), polycaprolactone, polyethylene adipate,
polyesteramide, polybutylene succinate adipatepalykydioxyalkanoates, polyhydroxybutyrate, and
aromatic polyesters, such as Poly((R)-mandelic aci(%% oly((S)-ma ic acid),.polyethylene
terephthalatg%gl)e/%ﬁ%nceatgrg)p tha g?%ﬁoi%/tﬁrﬁe %/?é%% eZepahl} a?%nte,c Sayégi%y%}e%ﬁ%bhthalate,
and vectranaraIkhelpolymel desériiled hereiretambeyprésently the composite at about 1% to about
50% by weight. In certain embadiments the compaQsite. compris t least about 1%, at least about 2%,
at least about 31,-,%t %g(sjta gj]boﬁ?g]%e, at| I%as%ra%%%?%%%%t Iréggtga ou?%%,beﬁé;eését)%%oi %, at least
about 8%, atkeasi aizeut’ 0B Patteasttabout 10965 atleastabsuttlizns, atdeastabbut17%s: at least
about 20%, gt least aboit 25%, At least Ahout, 30%. at/legstahaut 403, atleast aboyt, 5054 by weight
of the polymer described herein. In certain embodiments, the polymer described herein is'present in
the compositeatadbat $% teBoutzz0%dlat alleues t§ - hboutd 584, sat also\tl v@t® abBsut 10%, at
about 19 toahaut, 709473t aheut 19 to ahout 51, or a3 about 1% tg.abous 3% by weight Brief
Description Of Drawings The accompanying drawings illustrate a disclosed embodiment and
serves to expRiit#fe pripled df He disdoSed eMBodiMEnth ] 1 icShe BHEErstsod hodeder, that the
drawings are gdesigngd for-piypeses et ustration-anly cand, not as a definition of the limits of the

invention. . ‘
The catalyst counterion can be a halide ion, a

pseudohalide, a carboxylate, triflate, or
hexafluorophosphate.

The transition metal, e.g., copper, can be complexed
with a nitrogenous 1ligand, such as derivatives of
bidentate bipyridine (bpy) and pyridine imine, tridentate
diethylenetriamine {DETA) , and tetradentate tris[2-
aminoethyl] amine (TREN) , 1,1,4,7,10,10-
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Fig. 1 is a schematic diagram showing the steps involved in the synthesis of PLLA-b-P(MA-POSS)and
PDLA-bP(MA,POSS) block copolymers via ATRP. Fig. 2 shows a representative -H NMR
spectrum and assignment of the respective peaks of the PLLA-b-P(POSSMA)n diblock copolymer in
d-chloroform. The chemical structure of the diblock copolymer is also provided. Fig. 3 shows the
GPC profilet ek RheArmacroiratiater and thec abtaines, PLLA-b-P(MA-POS$SY, N’ , Big, 42 shows the

scattering intensity fro LS measurements as.a function of i ays) of individual

LA b B PO T Ao ST BT LA b PMAEOL o witn | nd
PDLA-b-P(MARQS 3 Hkby bttt atcepidymee cditeritetipns of 1.0 mg/mL in THF. Fig. 4b shows the
distribution of the rzﬁéodxg%r%% radius R,eof stereockg)énpclaex %glgé%%q}esrin a mg:)étylgeegf b
PLLA-b-P(MAPOSS)IC an A-Eﬁmﬁo%@}le over a 30-day periog Bhd prepared at a copolymer
concentratiorcofel0mig/raL. Fid.4Ssiews thé hydrodynariteradivs iR, ©f aggrégates inmixtures of
PLLA-b-P(N&@&@&o@r}gag%ﬁébﬂ%ggzs&|_c and PLEA-b-P(MA-POSS)s and
PDLA-b-P(MA-POSS)5 as a function of time and prepared at a copolymer concentration of 1.0
mg/mL. Fig. 5a and Fig. 5b are TEM Ficrographs of the a jgregates formed in a mixture of
PLLA-b-P(MA-POSS):0 and PDLA-Q-P(MA-PQS a 0 concentration of 1.0 mg/mL.
Fig.Ga and Fig.6b respectively shov?;li%%@stﬁé’@ograms of the 1st and 2nd heat scans of
PLLA-b-P(MAPOSS)5, PDLA-b-P(M/ﬁZ@S{S Jand their 1:1 blend. Fig. Ga and Fig. 6b respectively
show DSC thermograms of the 1ngan/ebzgdChea}(%cans of PLLA-b-P(MA-POSS)10,
PDLA-b-P(MAP085)13 and their 1:1 blend. Fig. 7a and Fig. 7b respectively show the WAXS
diffractograms of PLLA-h-P MA-PO%S 5, PDLA-b-P(MA-POSS)5, and their 1:1 blend;
PLLA-b-P(MEPTSS)id PDEANP(MAPOSS)In and their 1:1 blend.  Fig. 8a, Fig. 8b and Fig. Sc
are, respectively, thaREMraicrographs o4 R0bs-MAdaggregaiesidispersec iia PhAguatax before
tensile testinsgdflfter tt:ensile testing where thereafger microvoid inittihat'ion within the PUSS-MA
aggregates are gl?sner\sléd, and after furth%?tensile?relszt?nrée\/vheret eTEaiter microvoids are’observed to
form an exterstusahgtitori ot mmacrascopiticrackie, Eigi Saland Eigmel respictively siew the TEM
micrographs.(with a 5x magnification in the inset) of tensile tested PLA+PDLA-b-P(MA-POSS) 1 wt%
depicting crgéknﬁ%r%?é}/igﬁl\l/%%??ﬁ{ %ﬁ%eK/IA-B?) égg?elg%?(le%,ognsd’ ten%ﬁé@astgg me tglanOl’
PLA+PLLA-biPMS-POSE)d wi $6depicting Lrack iritiationtatithe matixland dggregatesmatrix
interfacial re(g(g%inat?g%&o icsh%{,:ggl}pgrisorigf t@ﬁ QS&%TQQM%%%‘%}W&%%Q Pk‘%ﬁgatrix and
various compositions of POSS-PLA nanocomposites. Examples on-limiting éxamples of the
present disclesued Wilhbé surtissrdiesetided nwitieh shiouftinediuseaconstrued as in any way limiting the
scope of the disclosyre.  rxMethaciylisghutyl polyhedral aligameric.silsesauioxane (POSS)
(MA-P0S5) was purchased from Hybrid Plastics (product #: MA0702) and used without further
purification. J¥igdyiamine {Fidker 199. 746) a5 driedovérimsleculansiagss Befereaide. in

2 bromoisobutyryl hsamide;(98%) (i (99:9%06). NN Ml Acpentamefiuidietnyiangirigmine
(PMDETA) (99%), anhydrous tetrahydrofuran (99.9%) and dichloromethane (99.9%), were purchased
from Aldrich diftEiise8Rfith GRFEARE BHTicARAT PLYA nseHvHEHRORY tefRiinateBEMATBB00 g/mol)

(product #: REZERIALA) and PRLA mopamethgxy teupinated (M, T,6000 g/mal} (prodyeti P5764-LA)
were purchased from Polymer Source Inc. and dried under vacuum before use. Nuclear magnetic

resonance (THERIMR)<pectrai@rYeEordetfdnt B rukér4do MPX spedtomettP™  Gétpermeation

chromatographys(é=it@) was LonduatesRas Waters 2680 dittedh wdthrarseanorative lightscattering

detector (Waters 2420) and three phenomenox linear 5 mm styraqsl columns (500, 104 and 106A)
\N@ELBediﬁﬂﬂP@ﬁﬁéﬁ%ly react by 1inserting into the double bond of

the monomer to form a new carbon-carbon between the

initiator and the monomer and carbon metal bond with the
catalyst. This newly formed intermediate can continue to
sequentially react with monomers by inserting into the
olefin of additional monomer present in the reaction. 1In
this way, the polymer chain continues to grow in length
until substantially all of the first monomer is consumed

in this fashion. After the first monomer is

24



Diffractive light scattering (DLS) measurements were made at 25 C using a Brookhaven BI-200SM
multi-angle goniometer equipped with a BI-APD detector. The light source was a 35 mW He-Ne laser
emitting vertically polarized light of 632.8 nm wavelength. Transmission electron microscopy (TEM)
measurements were conducted using a JEOL 2100 transmission electron. microscope operating at an
accelerationswoltagerdf 2001kV. condifferentialfscdaningesdloremetry @ BC)measwements were
conduced using a Tf« Instruments SC-%lOO using nitrogen as purge gas. Samples were heated up
with a ramp%ﬁa‘ 10C rﬁﬁléfflgr% 5 )C,n[t%OOZS k&? re\ﬁ%(ﬁel-%ggléf ?fr%/iscé%tqe(?iné A)%g)crcﬁ:gg!;urements
were done dtroorn teriparbtureadingerBraker D Generat Area DétectorDéfracioh Bystem
equipped wi CuKa source (X = 0,1542 n C%g g&a\tiﬂ% 40k\, nd% pykﬁ bl and
PDLA-b-P( %Oés%cu%ngg% a%(ranntran%fer ?g] |c:§ polyme%zatigcn aT ﬂﬁ r>T/]@%LA or I%D%A%&(:S.OMOA
mol) was diskoiveckif driediidichlordmeéetiars(DCM) ¢80emlhdeteargoadn awwdaeckedund bottom

flask equippgd wuth.a H}Psg“Bg‘éﬁ“fé%fhl{aefvlﬂe“@%@mw}%%&%}loﬁé“@g%’ﬁﬁé@e%??‘éde@h‘%“h a syringe

and the solution was cooled in an ice/salt mixture before a stoichiometric amount o
2-bromoisosiggritiremiteowas tdded drop iskd The reactiarrdag atiowed te toatiilietdvernight
under argongatmgsphere;alroony iempesature, Lhe reagtion praduct wasthen filkergd, precipitated
in methanol and centrifuged at 10000 RPM. This process was repeated several times with fresh
batches of riSRARTIMNTHe FrEdFet Wer Ty Mieliefirfer vasdwiat 46coveraight 1 1dfva second

step, PLLA ar-PPLA macroinitiator {18 mmgl(Bi)): methacryloisobutyl FOSS (MA-POSS) (1.92
mmol), and anhydrous THF (- 4 mL) were added to a schlenk tube. The mixture was deoxygenated by

three freeze-pumpthaw Efda<SBlowtBdy thesRRHitiorPof CUBE 0. 195AfMoBehd PMDE®A (0.19
mmol) undet-afgan:d he sontgats wareisHbjestac-ta-two noke freezgzpump-thaw cyglestr ensure
complete oxygen removal. The Schlenk tube was then transferred to an oil bath maintained at 60 C for
approximatelF #7&rR§ hotifst Frhe FeactipR4raS inal §980bped By eXF8SiRG To ait and Hdthg with THF.
The product-spiytinewas passed through an alumina column to remove copper catalyst. To remove
unreacted MA-POSS, the crude product was dispersed in hexane and centrifuged at 10000 RPM. This
process was repeatelf T EMihEs ARAGeSRBht A heXahE Binaflf the PPEduct Wad dried under
vacuum at 409+G Dyerights Eigut peaidesa sthematic diagramshawing-thereverathsynifesis
process. Example 2: Nuclear Magnetic Resonance (NMR) spectroscopic studies of purified
PLLA-b-P(MA? dﬁ%%lﬁﬁe%%?&%?oeﬁ-ﬁlﬂﬂﬁgﬁe S3opiCSthidiEs were carried out on
purified PLLA-b-P(MA-POSS) copolymer ifjd-chlo rog .ﬂ'zh NMR spectrum resulting from the
studies as provided in Fig. 2 confirms the ptesepg¢e oy protons| frgm both the PLLA and P(MA-POSS)
blocks. Signal e at approximately 5.2%56]11 ican’be assigr

backbone. Resonances observed at appraxinidtely®. 820.6@ppm can be assigned to the methylene
protons (c and d) of the P(MA-POSS) block. Methyl profens (a),and methine protons (b) of the isobutyl
groups in MA-POSS, identified at approximately 5 = 0.95 ppm and 1.9 ppm respectively, indicate that
successful chagreitensionthadfocdBirrel: The composhion and hBhca ke degrtesshipdhaderization of
the P(MA-PQSS) hlock can b estimated hy copnaring theintegral yalues. oL sigals gapsgsenting the
protons (e) of PLA and protons (c and d) of the P(MAPOSS) block. Example 3: Gel permeation
chromatogradiy(GRE) stmesicle theomatrsiitor PLLA and subsequent PLLA-b-P(MA-POSS)

block copolymers. RO studies.yere cariigd oupen he Macroiptialoleq  using ATRP

reaction can have a very low polydispersity index (PDI).

The PDI of the polymer can be from about 1 to about 2;
about 1 to about 1.8; about 1 to about 1.6; about 1 to
about 1.5; about 1 to about 1.4; about 1 to about 1.3;
about 1 to about 1.2, or about 1 to about 1.1.

The polymers described herein can form
stereocomplexes when combined with a compound comprising

a complimentary polyester. The compound comprising a
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PLLA and subsequent PLLA-b-P(MA-POSS) block copolymers. The resulting GPO profiles of the
macroinitiator PLLA and the subsequent PLLA-b-P(MA-POSS) block copolymers are shown in Fig. 2.
A significant shift in the GPC trace of the PLLA macroinitiator (to a higher molecular weight) indicates
successful chain extension. More importantly, the monomodal molecular weight distributions and low
values of palydigpernsibningtex (PPJ) pbtdired fardhe bloek capolyamernddicates tive formaton of
well-defined AZLL@'B%@@A‘%&'}OSISI) Ca)lnd PDIb%-bég@M,%-PQD%S Q)I:ock copolymers with a narrow
molecular welg%ﬁ distribution. %lxamp% 2. Byn mic ﬁghtpsca tering (DLS) in the solution blending and
stereocomplex forratonfofiRieldA-bRIMAPROSS pand PDLAsh-RPEIA-ROSSnproasstudyebased on
the dynamic laser. light scatteri LS) in solution ing reocom ormagjon of
PLLA-b-P(I\}Fk?-%égols&%!)1£ anc% gﬁg%éplg?ﬁ)lAP SS l\Zj)va ec%lgr%gd oﬁiggﬂ%‘igi'ndiv?d%ékl{blggg copolymers
to be testedpware fasttdisseivediin THF at room temperature to give clear solutions at a concentration
of 1.0 ma/mL. Fig. 43 shows 3L scafierag iensily gldbe FLLp-f EMAP 0551 cpalymer
solution, measured using dynamic light scattering (DLS) at an anglé of 900, i3 relafively low
(approximatelyr3:0 keps) arfl réarins besstasngiintimedover Boldaysy. THisSagdesegthat at a
concentratiqn gf .9 yag/mi., ggg%eg@&nng%er Adbe individual carglymersplution.

Fresh solutions of PLLA-b-P{MA-POSS) and PDLA-bP(MA-POSS) were then prepared by separately
dissolving aHeERfivaleAnfeigHPBF edeRdopdIFifeF in THF aPFSIMR tEHipéredive. THEHRRIAY solutions

were then filtered throughdilters (Whatman &notop, porosity 0.2 mm) before they were mixed to form
the stereocomplex. In contrast with the scattering intensities of the solutions of the individual

copolymers, the schfterigSiRfasRY of theTmicreBsedS$te 18R IIFRPPIoXHTRER FFdays 4nd then
appears to rggajmeenstagtat appreximately H0-keps (depigted in Fig. 4adnibisiwerth smphasizing

that under the experimental conditions, the only driving force for self-assembly to occur is the

formation ofRRerEBEERPTex dgifegttcs RAWERR TRe PELAGAG PEISEhIBERSIhE PBIyfMBrs. It is also

worth notingthak Biis mixfuee selution emains eptieallyidearioverdhe d8iay pesied: implwng the
formation of stable nanoparticles in solution. Fig. 4b shows the size distribution of the_hydrodynamic
radius, Rh of e Sieredtomistéx BYgredafed R the W%?QOFELER%E(MREFJO\%%)EP%’&
PDLA-b-P(MA-ROSS106:at a soncentatiopitl. omgimlaiiuis observedtoaneseaseisteadily in the
first ten days, beyond which an apparent equilibrium Rh value of approximately 70.0 7.2 nm is
reached. In 388M8n,%151m68alaok?§%uti%hgo‘f RARTAS obtained ubto fHaNitst 8'ddys® beydhd which
only a singlexpeak distrimiionteasabe detectext The fusbmode far:the thimadatdistribatian; (with
dimensions around 3.2 nm)lis related to the free chains; after 8 days, the scattering effect due to the
growing nan%f)a?tlc?eustbé‘c'ame dominant over the light scattering due to the free chains and resulted in
a single-peak distributtiormatthedydrodyhamicaadilisd oWlig. e shbws the evolotorodf the sizes of
the stereocosrgalex aggreg tes W(i)tf ,vtierrr]l% W{]Sereril% gh isa%QsJ_er&g% L( incr§§%§ ste dily, du:r.Ligg the first
10 days. Beyongﬁwesé first 10 éays, apparent equnibﬁum values o gpprommate y 60 nm
(PLLA-b-P(MAPGS®H 0aRPDLALbP (MAPGSSH O &ied 8Aymer described herein
(PLLA-b-P(MA-POSS)5+P -p-P(MA- re_ob o Ispersi in_optically clear
and stable o%%ﬁhﬁ%tirep %@%rget%%(ﬁ ‘%%%%9; a%gr%%%?eqs]ﬂz%%g'?a? ed %?) t %eér%%(%urfé of
PLLA-b-P(M#xaRD58)5+PDIA-BR(MA PO SShtizates thanstevstscompiakatiodtis thenblock

copolymers raylue Jfiyencesh iy o yberLPOSS, fepeatingrunitsgralted o the, £ha block

Example5:Transmission Electron Microscopy(TEN) observations of the mixture o
PLLA-b-P(mrepoSShié axestbeas-P(MALPOSS P FEKGbserddtisimsf,  sulfolane,
PLLA-b-P(I\/k@_—gQﬁ%}}%&PMﬁg@éA- POSS)H were carrigd outthe, TEM micrographg;of the
mixture of PLLA-b-P{(MA-POSS)10+PELA-b-P(MA-POSS)10 at a concentration of 1.0 mg/mL in THF
shown in Fig ineidizaiealaethedtereotBimplex e’ in Bfe fori ¥ cortp&éitaggfegatesith
diameters indhgrange 9£100-150 nm. Example 6: Differential scanning calorimetry (DSC) and
wide-angle X-ray scattering (WAXS)studies DSC and WAXS studies of the block copolymers were
carried out. The DER#ernfcyrams(®Ry. 6) andiWitle-&ide K38y eaksring (’\F/A)@)Q:Iiffr%%tograms
(Fig. 7) confiygpthat steregsamplexation eeclyrs inthe 58/6Psalutionshlegds behween onal
PLLA-b-P(MA-POSS) and PDLA-b-P(MA-POSS) hybrid block copolymers, However, the content of
stereocomplR Chystafhd $8C) HrEENESRSdepeRdity orfthe nbirber 3F WﬁPO@@rep@ﬁting units in
the hybrid blegk ¢epelymeipbhe thesmograms in Fig. 6a and Fig. 6b indicate that the blends of
PLLA-b-P(MA-P0555)and PDLA-bP(MA-POSS5)exhibit very sharp stereocomplex melting peaks at
around 221-225 C during a first and second heating scans with a ramp rate of 10 C/min, respectively.
However, with the increase in MA-POSE repeating units in
PLLA-b-P(MA-P0SS10)+PDLA-b-P(MA-P0SS10 blends, the melting peaks of the stereocomplex
phase become broader, less intense and shifted t@&a lower temperature (213-217 C), as shown in Fig.
6¢ and Fig. 6d. This indicates that the



presence of more MA-POSS units in the hybrid block copolymer would inhibit the formation of
stereocomplex crystals. Moreover, the shoulder peaks that appear between 110-170 C are caused by
the existence of homopolymer crystalline phases (HC) formed from residual PLLA or PDLA in the
solution, and occurs when the process stereocomplexation is incomplete. Table 1 shows that as the
MA-POSS repeatirghenitmismlber desreabes framAltd Sothe hieat affasiaboétheeSO hcreases
indicating enhanced sterepcomplexatiqn. This is further confirmed in Fig. 7 where higher, WAXS
diffractogran%%@e\éﬁ?ﬁténg%ggtat 91 rf}:{and 21 Hggﬁatég 6 fh%@% p agg)l&erg%%n%kfne the

PLLA-b-P(N@GP@%S)WMMA-BOS@M&d@MHl Sampledtdr 1 a#4C phaseu T. (C) Sc
phase AH (%g)eggeoc{]asceogetgé@ H (g}é‘g%)cgr@ned amounts of the polymer

described herein and the polymer containing a

complimentary polyester are mixed together and then melt
kneaded together, or a method in which any one of them is
molten and then the other is added to and kneaded with
the molten material can be employed.

Also provided is a composite comprising at least one
polymer described herein and at least one matrix polymer.

The matrix polymer can be a polyester, including but
not limited to aliphatic polyesters, such as polyglycolic
acid, poly(D-lactic acid), poly(L-lactic acid), poly((R)-
3-hydroxybutyrate) , poly ((S) -3-hydroxybutyrate) ,
poly ((R) -3-hydroxyvalerate), poly((S)-3-hydroxyvalerate),
polycaprolactone, polyethylene adipate, polyesteramide,
polybutylene succinate adipate, polyhydroxyalkanoates,
polyhydroxybutyrate, and aromatic polyesters, such as
poly { (R) -mandelic acid), poly ((S) -mandelic acid),
polyethylene terephthalate, polybutylene terephthalate,
polytrimethylene terephthalate, polyethylene naphthalate,
and vectran.

The polymer described herein can be present in the
composite at about 1% to about 50% by weight. In certain
embodiments the composite comprises at least about 1%, at
least about 2%, at least about 3%, at least about 4%, at
least about 5%, at least about 6%, at least about 7%, at
least about 8%, at least about %%, at least about 10%, at
least about 15%, at least about 17%, at least about 20%,
at least about 25%, at least about 30%, at least about
40%, at least about ©50% by weight of the polymer
described herein. In certain embodiments, the polymer

described herein is present in the composite at about 1%
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SC phase Tm (C) AR :(Jig) AH (Jig) PLLA-bl P(MA-! POSS)5 157.8 130.1 - - 155.9I

to about 20%, at about 1% to about 15%, at about 1% to
about 10%, at about 1% to about 70%, at about 1% to about

5%, oxr at about 1% to about 3% by weight.

Brief Description Of Drawings

The accompanying drawings illustrate a disclosed
embodiment and serves to explain the principles of the
disclosed embodiment. It is to be understood, however,
that the drawings are designed for purposes of
illustration only, and not as a definition of the limits
of the invention.

Fig. 1 1is a schematic diagram showing the steps
involved in the synthesis of PLLA-b-P(MA-POSS)and PDLA-b-
P (MA-PCSS) block copolymers via ATRP.

Fig. 2 shows a representative 'H NMR spectrum and
assignment of the respective peaks of the PLLA-b-P(POSS-
MA), diblock copolymer in d-chloroform. The chemical
structure of the diblock copolymer is also provided.

Fig. 3 shows the GPC profiles of PLLA macroinitiator
and the obtained PLLA-b-P(MA-POSS) .

Fig. 4a shows the scattering intensity from DLS
measurements as a function of time (days) of individual
PLLA-b-P(MA-P0OSS) . solution and a mixture of PLLA-b-P (MA-
POSS) 1¢ with PDLA-Db-P (MA-POSS) 1q, both at copolymer
concentrations of 1.0 mg/mL in THF. Fig. 4b shows the
distribution of the hydrodynamic radius Ry, of
stereocomplex aggregates 1in a mixture of PLLA-b-P(MA-
POSS);, and PDLA-b-P{(MA-POSS),, over a 30-day period and
prepared at a copolymer concentration of 1.0 mg/mL.
Fig.4c shows the hydrodynamic radius Rn, of aggregates in
mixtures of PLLA-b-P{MA-POSS).,, and PDLA-b-P(MA-POSS).,; and
PLLA-b-P{(MA-P0OSS)s; and PDLA-b-P(MA-POSS): as a function of
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, -129.5

I PDLA-b- | P(MA-! POSS)E 60.2 30.7 !!58.51130.2 !50/50

time and prepared at a copolymer concentration of 1.0
mg/mL.

Fig. 5a and Fig. ©5b are TEM micrographs of the
aggregates formed in a mixture of PLLA-b-P(MA-POSS).; and
PDLA-b-P{MA-POSS) ., at a copolymer concentration of 1.0
mg/mL.

Fig. 6a and Fig. 6b  regpectively show  DSC
thermograms of the 1°° and 2" heat scans of PLLA-b-P(MA-
POSS)s5, PDLA-b-P(MA-POSS)s, and their 1:1 blend. Fig. 6a
and Fig. 6b respectively show DSC thermograms of the 1°°
and 2™ heat scans of PLLA-b-P(MA-POSS).,, PDLA-b-P(MA-
P0O8SS) .y and their 1:1 blend.

Fig. 7a and Fig. 7b respectively show the WAXS
diffractograms of PLLA-b-P(MA-POSS)s, PDLA-b-P(MA-POSS)s,
and their 1:1 blend; PLLA-b-P{(MA-POSS).;,, PDLA-b-P(MA-~
POSS) .0 and their 1:1 blend.

Fig. 8a, Fig. 8b and Fig. 8c are, respectively, the
TEM micrographs of POSS-MA aggregates dispersed in a PLA
matrix before tensile testing, after tensile testing
where thereafter microvoid initiation within the POSS-MA
aggregates are observed, and after further tensile
testing where thereafter microvoids are observed to form
an extensive network of macroscopic crack.

Fig. 9a and Fig. 9b respectively show the TEM
micrographs (with a 5x magnification in the inset) of
tensile tested PLA+PDLA-b-P(MA-POSS) 1 wt% depicting
crack initiation within the MA-POSS aggregate, and
tensile tegsted PLA+PLLA-b-P(MA-POSS) 1 wt% depicting
crack initiation at the matrix and aggregate-matrix
interfacial regions.

Fig. 10 1is a comparison of the DSC thermograms
between a PLA matrix and various compositions of POSS-PLA

nanocomposites.
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| blend 225.461.31 221.657.4'1 | PLLA-bl P(MA-1POSS)10 150.2 4.5

Examples
Non-limiting examples of the present disclosure will
be further described, which should not be construed as in
any way limiting the scope of the disclosure.
Methacrylisobutyl polyhedral oligomeric
silsesquioxane (POSS) (MA-POSS) was purchased from Hybrid
Plastics (product #: MA0702) and wused without further

purification. Triethylamine (Fisher, 99.7%) was dried

over molecular sieves Dbefore use. 2-bromoisobutyryl
bromide (98%) CuBr (99.99%) , N,N,N,N,N, -
pentamethyldiethylenetriamine (PMDETA} (99%), anhydrous
tetrahydrofuran (99.9%) and dichloromethane (99.9%), were

purchased from Aldrich and used without further

purification. PLLA monomethoxy terminated (M, = 6000
g/mol) (product #: P7151A-LA) and PDLA monomethoxy
terminated (M, = 6000 g/mol) (product #: P5764-LA) were

purchased from Polymer Source Inc. and dried under vacuum
before use.

Nuclear magnetic resonance ('H-NMR) spectra were
recorded on a Bruker 400 MHz spectrometer.

Gel-permeation chromatography (GPC) was conducted on
a Waters 2690 fitted with an evaporative light scattering
detector (Waters 2420) and three phenomenox linsar 5 mm
styragel columns (500, 10° and 10° &) were used in the
system.

Diffractive light scattering (DLS) measurements were
made at 25° C using a Brookhaven BI-200SM multi-angle
goniometer equipped with a BI-APD detector. The 1light
source was a 35 mW He-Ne laser emitting vertically
polarized light of 632.8 nm wavelength.

Transmission electron microscopy (TEM) measurements
were conducted using a JEOL 2100 transmission electron.
microscope operating at an acceleration voltage of 200

kv.
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| PDLA-b- | P(MA-! POSS): 1157.91",13.9

Differential scanning calorimetry (DSC) measurements
were conduced using a TA Instruments DSC-Q100 wusing
nitrogen as purge gas. Samples were heated up with a ramp
of 10° C/min from 25° C to 250° C.

Wide-angle X-ray scattering (WAXS) measurements were
done at room temperature using a Bruker D8 General Area
Detector Diffraction System equipped with a CuKa source (i

= 0.1542 nm) operating at 40kV and 40mA.

Example 1: Synthesis of hybrid block copolymers of PLLA-
b-P(MA-POSS) and PDLA-b-P(MA-POSS) using atom transfer
radical polymerization (ATRP)

PLLA or PDLA (8.0x10* mol) was dissolved in dried

dichloromethane (DCM) (~80 mL) under argon in a two neck
round bottom flask equipped with a magnetic stirrer bar.
Triethylamine (4.0x10° mol) was then added with a syringe
and the solution was cooled in an ice/salt mixture before
a stoichiometric amount of 2-bromoisobutyrylbromide was
added drop wise. The reaction was allowed to continue
overnight under argon atmosphere at room temperature.

The reaction product was then filtered, precipitated
in methanol and centrifuged at 10000 RPM. This process
was repeated several times with fresh Dbatches of
methanol. The product was finally dried under vacuum at
40°C overnight.

In a second step, PLLA or PDLA macroinitiator (0.19
mmol (Br)), methacryloisobutyl POSS (MA-POSS) (1.92
mmol) , and anhydrous THF (~ 4 mL) were added to a schlenk
tube. The mixture was deoxygenated by three freeze-pump-
thaw cycles, followed by the addition of CuBr (0.19 mmol)
and PMDETA (0.19 mmol) under argon. The contents were
subjected to two more freeze-pump-thaw cycles to ensure
complete oxygen removal. The Schlenk tube was then
transferred to an o0il bath maintained at 60° C for

approximately twenty hours. The reaction was finally
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| 50/50 !blend 1173.1 4.4 217.0 37.8 213.0! 32.61 Comparative Examples Example 7: Comparison of
the mechanical properties of PLA pellets melt blended with MA-POSS or PDLA-b-P(MAPOSS)with
neat PLA pellets The incorporation of both POSS and enantiopure PDLA/PLLA units within a
single hybrid block copolymer provides opportunity for the synergistic exploitation of nanofillers and
stereocomplexapprdh rfeaxinzpgsthegnecharicat propértids bt PLAg InwhistcomparativiEhexample,

melt bIendlngrw%%flrst emp (%ylecg | to Vgérgcgy @g ﬁwog%tg Ctn%llgygrljld gtggﬁ%gggolxgeﬁwo (E%mmerually
available PL'A as it is considered a process is more tommercially compared to solution blending.
Melt bIendmgam@ypemmmtb)ﬁfe@@imcomtﬁercmmwwelm&;m@ 3051EOBEA, Ndtareworks Co.
Ld., USA) whighycompromises mains Hdaglde units, agd e, EOSlers,injq ap atgrnat mixer or
twin screw extruder Set at a temperature of 140-180 C. The screw speed of the mixer was set at 100
rpm and thelregilen&&Yime oflitlie matarize imsidethe et hed apove Iainttese Afteriddipounding,
the materialg wexg arpuncple flakes,andiaier igiegian oldsgdnig,shggirmens.at bagreliand mold
temperatures of 190 C and 45 C, respectlve y. The ductility and toughness of the PLA matrix is
seen to be ivpPGVed SIgHHEANtYAFith the incerparEEamBMA-POBStoform FrRGESMposites. Table 2
shows the meghapical properties af RealRL-Ay matdx a5 cpmpared 1o RLAIncorporated with various
amounts of MA-POSS prepared through melt blending. A slight improvement in strain at break was
observed during tenS|Ie testlng when the content of MA POSS in the bIends Was reIatlver low, e.g., 1
wt%. Howeve ¥ - p enkts ‘ €

MA-POSS wasiine : He M7 : s SHhantd the d uctility of
PLA througtﬁt@ﬁ@ﬁﬂﬁ[&n of microvoid formation, Upon tensile testlng of the material, microvoids
would initiate within #raNRA-FESS HFFEGRES, aS SHOWRSh FIEE ahBtints paf?ttc?le atffaction is
weaker compareck tnsthe Gob-matrpviniertanl besgigydeese microvalts wadatormmalemost

simultaneously throughout a large area of the bulk and their sizes would become Iarger with an
increasing | gspectrum resulting from the studies as provided in

Fig. 2 confirms the presence of protons from both the

PLLA and P(MA-POSS) blocks. Signal e at approximately 5.2
ppm can be assigned to the methine proton (CH) of the
PLLA backbone. Regonances observed at approximately O =
0.58-0.60 ppm can be assigned to the methylene protons (c
and d) of the P(MA-POSS) block. Methyl protons (a) and
methine protons (b) of the isobutyl groups in MA-POSS,
identified at approximately & = 0.95 ppm and 1.9 ppm
respectively, indicate that successful chain extension
had occurred. The composition and hence the degree of
polymerization of the P(MA-POSS) block can be estimated
by comparing the integral values of signals representing
the protons (e) of PLA and protons (¢ and d) of the P(MA-
POSS) block.

Example 3: Gel permeation chromatography (GPC) studies of
the macrointiator PLLA and subsequent PLLA-b-P(MA-POSS)
block copolymers.

GPC studies were carried out on the macrointiator

PLLA and subsequent PLLA-b-P(MA-POSS) block copolymers.
The resulting GPC profiles of the macroinitiator PLLA and
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Table 2 Sample designation Content(wt%) Young's modulus (GPa) Maximum i tensile stress Tensile
strain break (%) PLLA- POSS- b- MA

the subsequent PLLA-b-P(MA-POSS) block copolymers are
shown in Fig. 2. A significant shift in the GPC trace of
the PLLA macroinitiator (to a higher molecular weight)
indicates successful chain extension. More importantly,
the monomodal molecular weight distributions and low
values of polydispersity index (PDI) obtained for the
block copolymer indicates the formation of well-defined
PLLA-b-P(MA-POSS) and PDLA-b-P(MA-POSS) block copolymers

with a narrow molecular weight distribution.

Example 4: Dynamic light scattering (DLS) in the solution
blending and stereocomplex formation of PLLA-b-P(MA-POSS)
and PDLA-b-P(MA-POSS)

A study based on the dynamic laser light scattering
(DLS) in the solution blending and stereocomplex
formation of PLLA-b-P(MA-POSS) and PDLA-b-P(MA-POSS) was
carried out.

The individual Dblock copolymers to be tested were
first dissolved in THF at room temperature to give clear
solutions at a concentration of 1.0 mg/mL. Fig. 4a shows
that the scattering intensity of the PLLA-b-P(MA-POSS)
copolymer solution, measured using dynamic light
scattering (DLS) at an angle of 90°, is relatively low
(approximately 5.0 kcps) and remains constant with time
(over 30 days). This suggests that at a concentration of
1.0 mg/mL, aggregation is not observed in the individual
copolymer solution.

Fresh solutions of PLLA-b-P(MA-POSS) and PDLA-Db-
P (MA-POSS) were then prepared by separately dissolving an
equivalent weight of each copolymer in THF at zroom
temperature. The 1initial solutions were then filtered
through filters (Whatman Anotop, porosity 0.2 um) before
they were mixed to form the stereocomplex. In contrast
with the scattering intensities of the solutions of the

individual copolymers, the scattering intensity of the
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POSS PDLA- b- POSS  100(PLA) - - 3.41 67.44 3.68 PLA+0.05(POSS) 0.05 3.30

mixture of PLLA-b-P (MA-POSS) and  PDLA-b-P(MA-POSS)
increased steadily for approximately 10 days and then
appears to remain constant at approximately 100 kcps
(depicted in Fig. 4a). It is worth emphasizing that under
the experimental conditions, the only driving force for
self-assembly to occur is the formation of stereocomplex
aggregates between the PLLA and PDLA Dblocks of the
polymers. It i1s also worth noting that this mixture
solution remains optically clear over the 30-day period,
implying the formation of stable nanoparticles in
olution. Fig. 4k shows the size distribution of the
hydrodynamic radius, R, of the stereocomplex aggregates in
the mixture of PLLA-b-P{MA-P0OSS)., and PDLA-b-P(MA-POSS) 1,
at a concentration of 1.0 mg/mL. R, 1is observed to

increase steadily in the first ten days, beyond which an

apparent equilibrium R, value of approximately 70.0 £ 7.2
nm is reached. In addition, a bimodal distribution of Ry
was obtained up to the first 8 days, beyond which only a
single-peak distribution was be detected. The first mode
for the bimodal distribution (with dimensions around 3.2
nm) 1s related to the free chains; after 8 days, the
scattering effect due to the growing nanoparticles became
dominant over the light scattering due to the free chains
and resulted 1in a single-peak distribution of the
hydrodynamic radius.

Fig. 4c shows the evolution of the sizes of the
stereocomplex aggregates with time, wherein R, is ocbserved
to increase steadily during the first 10 days. Beyond
these first 10 days, apparent equilibrium values of
approximately 60 nm (PLLA-b-P (MA-POSS) ;0+PDLA-Db-P (MA-
POSS) 1y) and 85 nm (PLLA-b-P(MA-POSS)s;+PDLA-b-P(MA-POSS)5s)
are observed. The dispersions remain optically clear and
stable over the entire 30-day period. The larger

aggregate size obtained in the mixture of PLLA-b-P(MA-
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65.66 4.57 PLA+0.10(POSS) 0.10 3.5664.92 4.89 PLA+0.50(POSS) 0.50 3.2564.57 4.34
PLA+1.00(POSS) 1.00 - 3.2865.69

POSS) s+PDLA-b-P (MA-POSS) indicates that stereocomplexation
in the block copolymers may be influenced by the number

of POSS repeating units grafted to the PLA block.

Example 5: Transmission Electron Microscopy (TEM)
observations of the mixture of PLLA-b-P(MA-P0OSS).;, and
PDLA-b-P (MA-POSS) 10

TEM observations of PLLA-b-P(MA-POSS) ;+PDLA-b-P (MA-

POSS);, were carried out. The TEM micrographs of the
mixture of PLLA-b-P{(MA-POSS).;+PDLA-b-P(MA-P0OSS),y at a
concentration of 1.0 mg/mL in THF shown in Fig. 4,
indicate that the stereccomplex exists in the form of
compact aggregates with diameters in the range of 100-150

nm.

Example 6: Differential scanning calorimetry (DSC) and
)

wide-angle X-ray scattering (WAXS)studies

DSC and WAXS studies of the Dblock copolymers were
carried out. The DSC thermograms (Fig. 6) and wide-angle
Xx-ray scattering (WAXS) diffractograms (Fig. 7) confirm
that stereocomplexation occurs in the 50/50 solution
blends between PLLA-b-P(MA-POSS) and PDLA-b-P(MA-POSS)
hybrid block copolymers. However, the content of
stereocomplex crystalline (SC) phase varies depending on
the number of MA-POSS repeating units in the hybrid block
copolymer. The thermograms in Fig. 6a and Fig. 6b
indicate that the blends of PLLA-b-P(MA-POSS:;)and PDLA-b-
P (MA-POSSs) exhibit very sharp stereocomplex melting peaks
at around 221-225° C during a first and second heating
scans with a ramp rate of 10° C/min, respectively.
However, with the increase in MA-POSS repeating units in
PLLA-b-P (MA-POSS;o) +PDLA-b-P (MA-POSS,y) blends, the melting
peaks of the stereocomplex phase become broader, less
intense and shifted to a lower temperature (213-217° C),

as shown in Fig. 6c and Fig. 6d. This indicates that the
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3.67 PLA+3.00(POSS) 3.00 3.1556.43 18.81 PLA+5.00(POSS) 5.00 3.2960.028.01
[PLA+7.00(POSS) 7.00 2.9851.02 9.14 , iPLA+1.00(PLLA-

presence of more MA-POSS wunits in the hybrid block
copolymer would inhibit the formation of stereocomplex
crystals. Moreover, the shoulder peaks that appear
between 110-170° C are caused by the existence of
homopolymer crystalline phases (HC) formed from residual
PLLA or PDLA in the solution, and occurs when the process
stereocomplexation is incomplete. Table 1 shows that as
the MA-POSS repeating unit number decreases from 10 to 5,
the heat of fusion of the S8C increases indicating
enhanced stereocomplexation. This is further confirmed in
Fig. 7 where higher WAXS diffractogram peak intensities
at 26 = 12° and 21° (dedicated to the SC phase) were found
in the PLLA-b-P(MA-POSS;)+PDLA-b-P(MA-POSS;) blends.

Table 1
1°* heating scan 2™¢ heating scan
Sample HC phase SC phase HC phase SC phase
Tn AH Tn AH Tn AH Tn AH
(°c) (J/9) (°c) (J3/g) (°c) (J/9) (°c) (3/9)
PLLA-Db-
P(MA- 157.8 30.1 - - 155.9 29.5 - -
POSS) s
PDLA-Db-
P (MA- 160.2 30.7 - - 158.5 30.2 - -
POSS) ¢
50/50
. . . 7.
blend 225.4 61.3 221.6 57.4
PLLA-Db-
P (MA- 150.2 4.5 - - - - - -
POSS) 10
PDLA- b~
P (MA- 157.9 3.9 - - - - - -
POSS) 14
50/50
blend 173.1 4.4 217.0 37.8 - 213.0 32.6
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'b-POSS10), 1.00 3.12 66.77 4.11 PLA+2.00(PDLA, b-POSS10) 1.00 3.16 66.17 11.12 The
expansion of the microvoids would eventually lead to their connection with other microvoids to form a
large network of macroscopic cracks prior to eventual fracture. The process of microvoid formation
throughout a large area will lead to high energy absorbance, while the rate of crack propagation will
depend on the size and distribution of the MA-POSS patrticles. A critical size of the MA-FOSS
aggregates has to be reached in order for microvoids to initiate within the aggregates. In the case of 5
wt9e, MA-POSS compositions, the sizes of the MA-FOSS aggregates were larger than the critical size
and therefore microvoids could form easitpastainithe &Eypagdtes. However, (-me to the

inhomogenepys distribution of the Angreaate sizes, iher would he 2 preference for migipyoids to form
in Iargerag egates—Thiscontributestothe reductioninmaximum-tensite-stressof material,

as seen fromghbig2. mdhe mechanidatipropertibs ofthe RIS canomprael gigdifieaithy-with the
presence off&%$ﬁ@ﬂ%§§8§i&o$(&l%g@£ asa filler as the incorporation of the filler into the PLA
matrix results- ' A segments in the filler and the PLLA molecules from
the matrix, formingBtereocomplaxcsrgstatn Thistwill lsigrificabfif @nhance theriaterfaeiziadhesion
between theBOSBRYLIId anddhe ELAmatrix, The pymbenofiepaating yaits b MAEQSS and the

molecular weight (M™) of the PDLA segment in the filler can effect the extent of steredcomplexation
and filler-ma@aeimegaci Pl g stFengiPStéred capleX THStals areRAdaly kRA6WA toole more

thermally stahle apghexhihit befier meghanical properties as compared;to.hamopglymer BLLA or PDLA

crystals. However, in this case, the stereocompleX crystals are exploited not for their mechanical
performanc&Batas acatrier B 8BS 1RE siz€ bf PBBS-aggréyatestisSwelCa RAEFHahES interfacial

adhesion betwegp these particles,withdhe atrixsAsravident iR oyed to directly

incorporate the hybrid block copolymer into commercially

available PLA as it is considered a process which is more
commercially compared to solution blending. Melt blending
was performed by feeding commercial PLA pellets (Grade
3051D PLA, Natureworks Co. Ltd., USA) which compromises
mainly L-lactide units, and the P0SS fillers into an
internal mixer or twin screw extruder set at a
temperature of 140-180° C. The screw speed of the mixer
was set at 100 rpm and the residence time of the material
inside the barrel was about 9 minutes. After compounding,
the materials were ground into flakes and later injection
molded into specimens at barrel and mold temperatures of
190° C and 45° C, respectively.

The ductility and toughness of the PLA matrix is
seen to be improved significantly with the incorporation
of MA-POSS to form nanocomposites. Table 2 shows the
mechanical properties of neat PLA matrix as compared to
PLA incorporated with various amounts of MA-POSS prepared
through melt blending. A slight improvement in strain at
break was observed during tensile testing when the
content of MA-POSS in the blends was relatively low,

e.g., < 1 wt%. However, the blends exhibited significant
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Table 2, the strain at the breaking point of PLA incorporated with PDLA-b-P(MA-POSS) increased
more than 250% as compared to neat PLA. In contrast nanocomposites prepared with an equivalent
amount of PLLA-b-P(mA-POSS)ic exhibit no significant improvement in mechanical properties.
Stereocomplexation has also been shown to increase the size of MA-POSS aggregates in the melt
blends. Fig. $3hawssneahpansofwt TEM tmagéstakehdronpRLAnPDLA-BROSS B dwas
PLA+PLLA-b-ROSS t blen fter tensile logdin e average size of the MA-POSS aggregates

in the PLA+gL[?LA-b-g%EAiAEgI?O?S%?eoﬁds%:és spi!gni |gagngtly$ ]éfg%agtnetﬁaﬁﬁﬁﬁe aE?e €0
PLA+PLLA-E-PERIACPOSSEDIshest whidiywilbEonBéduehtiy affgtt tHeheragiafommatiamandfropagation
mechanism ipthese plends. As, explaiped ear{}?r@@ggrgg@ltgﬂgrgerttggr% a critical size (such as those
featured in Fig. 8) tend to act as stress concentration regions in which microvoids will tofal within the
aggregates dFEfF €5 ; th& WeaREPierparecle Attraticn foreesvastéompatdtbto Mie @ggFegate-matrix
interfacial stegngth JhesfoL ation of ymigrovaids i@§?1ﬁalleglMA§§O§§eagqr§ggge§ can he. Ereomoted by
further enhancing the aggregate-matrix interfacial strength through stereocomplgxation. ig. 9a shows
evidence of Alidrb3GitfBFatidf in PISRHEBLA-EMRR-POSSEO) bldHteeveRAE 3 wWig4 filler
concentrationnleeanitast migionaitsformrarederentially within the matfix okat fhe aggregate-matrix
interface in PLA+PLLA-b-P(MA-POSS10) blend at similar filler concentration, as shown in Fig. 9b. It
was also fouftiHACMRSRIET édatd BERYA IR P LA PERTES-PIMREP OSS I8 Wwadatder. s could be
due to the formeatien of steseocafapley nerkasound the-aggregates, which jphibits, further

separation and dispersion of the MA-POSS particles. Example 8: Comparison of the themal properties
of PLA pelletS@@itBfended with MA-POSS or PDLA-b-P(MAPOSS)with neat PLA pellets In this
example, the thermal properties of NA pellets nrglp plensled with MA-POSS or PDLA-b-P(MA-POSS)
was compared-with-those-of neat PLA pellets. The extent of stereacomplex formation as well as the
crystallization rate of the blended matrix&q&eeq&s on tgjsa number of repeating MA-PQSS units as well
as the molecular Wgégp%tlof the PDLA segment In the?iﬂer. A hi @gaggngberﬁ,&l%%?@pﬁ'@tmg units
in the copolymeé San n&_{ar nstereocomplex C tgljc rragfign asmwal: asdedueadhe crysttfizt®n rate
of the PLA matrix. F‘@. 16" Shows theessere ntifgiscar ning _calorimei;:ga(}DSC)snhﬁéafmgran%rgf‘&ifferent
compositions of PLA incorporated witvarioug sggountsgf £ DLA-b-P(MA-P0SS):0. The céMpositions

of the compesites-as-well-as-their-corresponding-thermal properties-are compiled in Table 3_The
thermograms of thehe&PLA resin (160 (PLA))-as well as a meltdblend of PEA .arv PDLA at a blend
ratio of 75:25:is,al$p presgpted for cor _rlson._The - 5(P-LA)+25(§’L.)3L6L\) r)_leg% theGrm ogram e%<hib ts
enthalpy pe C,-which are the respective melting paints of?he PLAZ}ho?’nooolymer
(hc) and the Btekedconiplerepystalline {SC) phases. However, the Stkpeak disappedrs whers
PDLA-b-P Méfg’ogbgélvapsogc?rporated into PLA, irrespective of thebtend-composition—Moreover, the
HC peaks exhifited’ endS'alR8 becomes less iftense a3 comparefito tat of néaPLA | This

151%

ot by thess b
is an indicatien.that the pressnce oflyrepeating units of MA-POSS-g the cggpalymer may hinder

1 - il PRI A pructallizati i i
stereocomptexationwhitereducing-the-erystatlizationrate-efthe-PLA-mattx—Reducing-the-number of

MA-POSS rdpiitiAg UhitS e Ralf redulfLin a slight resumption of 3stéfeoconflexation ag tefilas an
increase in I—gigggtg@b @soaated in the thermogram of 75(PL \)+%5_(5>5.)L \-béléoc? 5)in Fig. 10. Table

3 Sample designation-Content-(wi%)-HC Phase Sc Phase Equivalent PDLA PD
PLA+7.00 (POSS) 7.00 - - 2.98 51.02 9.14
PLA+1.00 (PLLA- ]
b-POSS;0) - .00 - 3.12 66.77 4.11
PLA+1.00 (PDLA-
- - 1.00 3.16 66.17 11.12

b-P0OSS ;)

The expansion of the microvoids would eventually lead to

their connection with other microvoids to form a large
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b- p(mA_ P0555 ) T PDLA- b- p(mA_ P05510 Tm (C) AH (J/g) Tim CC) AH (J/g) 100(PLA) - 151.3
6.4

network of macroscopic cracks prior to eventual fracture.
The process of microvoid formation throughout a 1large
area will lead to high energy absorbance, while the rate
of crack propagation will depend on the size and
distribution of the MA-POSS particles. A critical size of
the MA-POSS aggregates has to be reached in order for
microvoids to initiate within the aggregates. In the case
of 5 wt% MA-POSS compositions, the sizes of the MA-POSS
aggregates were larger than the c¢ritical size and
therefore microvoids could form easily within the
aggregates. However, due to the inhomogeneous
distribution of the aggregate sizes, there would be a
preference for microvoids to form in larger aggregates.
This contributes to the reduction in maximum tensile
stress of the bulk material, as seen from Table 2.

The mechanical properties of the PLA can improve
significantly with the presence of PDLA-b-P(MA-POSS)
copolymer as a filler as the incorporation of the filler
into the PLA matrix results in an interaction between the
PDLA segments in the filler and the PLLA molecules from
the matrix, forming stereocomplex crystals. This will
significantly enhance the interfacial adhesion between
the POSS hybrid and the PLA matrix. The number of
repeating units of MA-POSS and the molecular weight (M)
of the PDLA segment in the filler can effect the extent
of stereocomplexation and filler-matrix interfacial
bonding strength. Stereocomplex crystals are widely known
to be more thermally stable and exhibit better mechanical
properties as compared to homopolymer PLLA or PDLA
crystals. However, in this <case, the stereocomplex
crystals are exploited not for their mechanical
performance but as a carrier to control the size of POSS
aggregates as well as to enhance interfacial adhesion

between these particles with the matrix. As evident £from
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97PLA+3(PDLA -B-POSSIc) 1.5 3_0151.3 22 95PLA+5(PDLA -b-POSSIO 2.5 5.0 150.3 2.3

Table 2, the strain at the Dbreaking point of PLA
incorporated with PDLA-b-P(MA-POSS) increased more than
250% as compared to neat PLA. In contrast nanocomposites
prepared with an equivalent amount of PLLA-b-P(MA-POSS) g
exhibit no significant improvement in mechanical
properties.

Stereocomplexation has also been shown to increase
the size of MA-POSS aggregates in the melt blends. Fig. 9
shows a comparison of TEM images taken from PLA+PDLA-b-
POSS and PLA+PLLA-b-POSS melt blends after tensile
loading. The average size of the MA-POSS aggregates in
the PLA+PDLA-b-P(MA-POSS) blends was significantly larger
than that in the PLA+PLLA-b-P(MA-POSS) blends, which will
consequently affect the crack formation and propagation
mechanism in these Dblends. As explained &earlier,
aggregates larger than a critical size (such as those
featured in Fig. 8) tend to act as stress concentration
regions in which microveoids will form within the
aggregates due to, e.g., the weaker interparticle
attraction forces as compared to the aggregate-matrix
interfacial strength. The formation of microvoids in
smaller MA-POSS aggregates can be promoted by further
enhancing the aggregate-matrix interfacial strength
through stereocomplexation. Fig. 9a shows evidence of
microvoid formation in PLA+PDLA-b-P(MA-P0SS.;) blend even
at 1 wt% filler concentration. In contrast, microvoids
form preferentially within the matrix or at the
aggregate-matrix interface in PLA+PLLA-b-P (MA-POSS.y)
blend at similar filler concentration, as shown in Fig.
9b. It was also found that the aggregate size in the
PLA+PDLA-b-P (MA-POSS,,) was larger. This could be due to
the formation of stereocomplex network around the
aggregates, which inhibits further separation and

dispersion of the MA-POSS particles.
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90PLA+10(PDL 'A-b-POSS1:0 5.0 - 10.0 150.3 2.0 ; SOPLA+50(PDL A-b-POSSIij 25.0 _ 50.0 150.4
2.0 ' 69PLA+31(PDL A-b-POSSI) 25.025.0

Example 8: Comparison of the thermal properties of PLA

pellets melt Dblended with MA-POSS or PDLA-b-P(MA-

POSS)with neat PLA pellets

In this example, the thermal properties of PLA
pellets melt blended with MA-POSS or PDLA-b-P(MA-POSS)
was compared with those of neat PLA pellets. The extent
of stereocomplex formation as well as the crystallization
rate of the blended matrix depends on the number of
repeating MA-POSS units as well as the molecular weight
of the PDLA segment in the filler. A higher number of MA-
POSS repeating wunits in the copolymer can hinder
stereocomplex crystal formation as well as reduce the
crystallization rate of the PLA matrix. Fig. 10 shows the
differential scanning calorimetry (DSC) thermograms of
different compositions of PLA incorporated with various
amounts of PDLA-b-P(MA-POSS);q. The compositicns of the
composites as well as their corresponding thermal
properties are compiled 1in Table 3. The thermograms of
the neat PLA resin (100 (PLA)) as well as a melt-blend of
PLA and PDLA at a blend ratio of 75:25 is also presented
for comparison. The 75(PLA)+25(PDLA) blend thermogram
exhibits enthalpy peaks at 151° C and 210° C, which are the
respective melting points of the PLA homopolymer (hc) and
the stereccomplex crystalline (SC) phases. However, the
SC peak disappears when PDLA-b-P (MA-POSS) was
incorporated into  PLA, irrespective of the Dblend
composition. Moreover, the HC peaks exhibited by these
blends also becomes less intense as compared to that of
neat PLA. This is an indication that the presence of 10
repeating units of MA-POSS in the co-polymer may hinder
stereocomplexation while reducing the crystallization
rate of the PLA matrix. Reducing the numbexr of MA-POSS

repeating units to half results in a slight resumption of
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153.4 11.9 210.1 1.5 75PLA+25(PDL A) 250 . 158.3 13.2 208.7 7.0 Applications Toughened
PLA can be used as a packaging material due to its good transparency and biodegradability. The use
of biodegradable Packaging materials can significantly reduce the amount of landfill space needed to
contain waste materials. Since PLA is synthesized from natural and sustainable precursors,
toughened PR 7eisssitablelgrean inateral foredse iasstracturnal andarom-structfalcomponents of, e.g.,
automotive, gamimuinication apdeperts applicaliens: _-In addlion, MakigSa laganpic and
suitable to be incorporated into PLA to prodlice composites for biomedical as well a5 10 d packaging
purposes. Fig. 10.

Table 3
Content (wt%) HC Phase SC Phase
Sample PDLA- | PDLA-~
designation Equivalent p}bl\;A- P(IXA- . o - . AR
PDLA m . n
POSS; | POSS, (3/9) (3/9)
) )
100 (PLA) - - - 151.3 6.4 - n
97PLA+3 (PDLA
-b-POSS,,) 1.5 - 3.0 151.3 2.2 B}
95PLA+S (PDLA
-b-POSS.,) 2.5 5.0 150.3 2.3 -
90PLA+10 (PDL
5. . ) _ ‘ i ]
A-b-POSS,,) 0 10.0 | 150.3 2.0
50PLA+50 (PDL
5.0 - . .4 2. - }
A-b-P0OSS,,) 2 50.0 | 150 0
69PLA+31 (PDL
5. ) i} ' ‘ . .
A b POSS,,) 25.0 25.0 153.4 | 11.9 | 210.1 1.5
7 L
SPLA;?S(PD 25.0 - - 158.3 13.2 | 208.7 7.0

Applications

Toughened PLA can be used as a packaging material
due to its good transparency and biodegradability. The
use of biodegradable packaging materials can
significantly reduce the amount of landfill space needed
to contain waste materials.

Since PLA is synthesized from natural and
sustainable precursors, toughened PLA is suitable green
material for use in structural and non-structural
components of, e.g., automotive, communication and sports
applications.

In addition, MA-P0OSS is non-toxic and suitable to be
incorporated into PLA to produce composites for

biomedical as well as food packaging purposes.
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It will be apparent that various other modifications and adaptations of the invention will be apparent to
the person skilled in the art after reading the foregoing disclosure without departing from the spirit and
scope of the invention and it is intended that all such modifications and adaptations come within the
scope of the appended claims. Claims 1. A polymer comprising a polyester and at least one
polyhedral oligomefit sWsasquisxaappwhergin tiieapolyestépisscapabterofformihca stereosomplex
with a Polymer comprising a complimentary polyester. 2. The-polymer_of claim 1, wherein the
polyester coar%lpér:is%ép %p&o%rﬁcenggf o%;m%ifae 1:91&%?%% at Wﬁé%n%ﬁeis%p\;\)/ﬁgl‘%nr%ur\xboer%e acted from 2
to 350; v is @aheteinuskier sefected fromel te10; antbR xis inelependentiseldcted frommthe group
consisting OQE@%@SB}?@WE@%{%" é'%@é‘t@ y%'r%’r%'%ll'%"’%écfl%'Ee@ﬂé‘eEech@éc'oé%ky"a”d
heterocycloalkenyl. 3The polymer of claim 2, the polyester comprises a
substantiallygmantiormericsllyparealighdtic pélyesier. 4 Thetpolga@r oftdlaimn 2, avhereirsthehpolyester
comprises oeof subsiantialy nutia pelulsiactis sed) arcely(ylagle,acidh. 5. The,galymr of laim 1,
wherein the polymer comprisesabout1-20polyhedraloligomeric silsesquioxanes. 6. The polymer of
claim 1, wherei thegonifaer €drmprises a polymer of Formula 2:
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7 R2 A B Formula 2 wherein n is a whole number selected between 1 and 20; A has the formula
-(CR2)p- or -[CR2CR2(OCR2CR2)q]-, wherein, p is whole number selected from 1-20; q is a whole
selected from 1-10; R is independently selected from the group consisting of hydrogen, alkyl, alkenyl,
alkynyl, aralkyl, cycloalkyl, cycloalkenyl,heterocycloalkyl,and heterocycloalkenyl; B is the polyhedral
oligomeric silsesquioxane; and R2 is independe&titlyisetected from the group consisting of hydrogen,
alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl, cycloalkenyl, heterocycloalkyl, and heterocycloalkenyl. 7.The
polymer of claim 1 Avherdipntke palpmer tompuises aquolymet offFarmdilazd: OR8ER2 1€ Ao

polvhedral oligomeric silsesquioxane, wherein the
polyester is capable of forming a stereocomplex with
a polymer comprising a complimentary polyester.
2. The polymer of c¢laim 1, wherein the polyester
comprises a polymer of Formula 1:
R1
%"O 0
v
O
m
Formula 1
wherein m is a whole number selected from 2 to 350;

v is a whole number selected from 1 to 10; and R! is

independently selected from the group consisting of

hydrogen, alkyl, alkenyl, alkynyl, aralkyl,
cycloalkyl, cycloalkenyl, heterocycloalkyl, and
heterocycloalkenyl.

3. The polymer of claim 2, the polyester comprises a
substantially enantiomerically pure aliphatic
polyester.

4. The polymer of claim 2, wherein the polyester

comprises one of substantially pure poly(D-lactic

acid) or poly(L-lactic acid).

5. The polymer of «claim 1, wherein the polymer
comprises about 1-20 polyhedral oligomeric
silsesquioxanes.

6. The polymer of «c¢laim 1, wherein the polymer

comprises a polymer of Formula 2:

Formula 2

wherein
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mLk. L B Formula 3 wherein m is a whole number selected from 2 to 350; n is a whole number
selected between 1 and 20; A has the formula -(CR,Ap- or -[(CR2)g(OCR2CR2)t wherein, p is whole
number selected from 1-20; g is a whole selected from 1-10; t is a whole selected from 1-10; B is the
polyhedral oligomeric silsesquioxane; R is independently selected from the group consisting of
hydrogen, alkyl, alkenyf adkywiyh azalkyinogeloakyk cyeldalkenyle feteroeycioalkyl, and
heterocycloalkenyl;  .is ind end%notl?y selecte_c_i(f

alkynyl, aralkyl, cy%loarlxﬁﬁ, cyC Salkeny ,%e?erocyc oza)l%?, %%Egégggéggéﬁé%%%}% ’ ﬁiut?gbzlnk;;rﬁll’y
selected from the grbgp eonsistingicf hwdmkﬁnnafkybalkeaybaﬂ@dylfat:aikyL @@Ioatkyl;isycloa!kgnyl,
o ydrogen, A, rale eSS a3 eyl 7 Pyt of Sain 1 oF 3. Aerbis 1 Rolyhecral
oligomeric silsesquicxaretis delettsdfrorithe @oapronsistiag of:iRg /'ItR4 SigSirogen,

alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl,

cycloalkenvyl, heterocycloalkyl, and

heterocycloalkenyl;

B is the polyhedral oligomeric silsesquioxane; and

R’ is independently selected from the group

consisting of hydrogen, alkyl, alkenyl, alkynyl,

aralkyl, cycloalkyl, cycloalkenyl, heterocycloalkyl,

and heterocycloalkenyl.

7. The polymer of claim 1, wherein the polymer

comprises a polymer of Formula 3:

Formula 3

wherein

m is a whole number selected from 2 to 350;

n is a whole number selected between 1 and 20;

A has the formula -(CR;)p- or -—[(CR;)gq(OCR:CRy) ] ~,
wherein, p is whole number selected from 1-20; g is
a whole selected from 1-10; t i1s a whole selected
from 1-10;

B is the polyhedral oligomeric silsesquioxane;

R is independently selected from the group
consisting of hydrogen, alkyl, alkenyl, alkynyl,
aralkyl, cycloalkyl, cycloalkenyl, heterocycloalkyl,
and heterocycloalkenyl;

R* is independently selected from the group

consisting of hydrogen, alkyl, alkenyl, alkynyl,
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/ R4/ 0/SCR4 -S1\0_,R4 W A 0 ,y/ 0 0 | R.4 R40\C( | | R4-Si | O/SI // R4 R4Rd R4 Si R4 \R4 R4
0S<00 R4 Si--0-/R4 \_"--Si 0'44\------S;i

aralkyl, cycloalkyl, cycloalkenyl, heterocycloalkyl,
and heterocycloalkenyl;
R’ is independently selected from the group
consisting of hydrogen, alkyl, alkenyl, alkynyl,
aralkyl, cycloalkyl, cycloalkenyl, heterocycloalkyl,
and heterocycloalkenyl; and
R* is independently selected from the group
consisting of hydrogen, alkyl, aralkyl, cycloalkyl,
and aryl.

8. The polymer of claim 1 or 7, wherein the polyhedral
oligomeric silsesquioxane is selected from the group

consisting of:

"\ Juow I

Si——0O0——Si
—_——S8
/ | R / l /' ? |
0 _R O_-R*
4 0 - R4
A I s
| Ri~—g; R4 el
R-&—~o 0\ O™
/ \ R \S/ )
0 O ] !' /Sl\
Si— R4
o}
&-—o——sf/ 7 \\Sf/
R4
4 \
R4 . 4
R , R '
R4
R o//&\\‘O\\\s//
N \
0
4 4
W oo R 5— R
Eé\\l \ ol
! lo\\sr/ 0 s 7Q1
Si~—0- /0 R d
o~ ——5i \ O/Sl
S,/O' \‘4 \O g~ O/\
ri—St R o \ /\ S o)
’ Si 0 O-S~o0—_
5 |0 e LNk e
R \
R* , and Ré

wherein R* is hydrogen, alkyl, alkenyl, alkynyl,
aralkyl, cycloalkyl, cycloalkenyl, heterocycloalkyl,
and heterocycloalkenyl.

9. The polymer of claim 7, wherein the polyester is

terminated with a moiety selected from the group
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.="\sr'/\ R4-4---Si OR4\0V\\/0 0 0Si0 0\ ,810\,,,,,-Si--R4 0-R4 R4\\ W, andW wherein R4 is
hydrogen, alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl, cycloalkenyl, heterocycloalkyl, and
heterocycloalkenyl. 9.The polymer of claim 7, wherein the polyester is terminated with a moiety
selected from the group consisting of hydrogen, alkyl, alkenyl, alkynyl, aralkyl, cycloalkyl, cycloalkenyl,
heterocycloalkyl, andheierodcycioaksényhotihas the, formlike CR3(URIGR2)J- akkeneinly is a whole

number selected frgma{-}goi an% Rcif igﬁ%p ndentl Y, gleﬁgg nfrcim th% rou corf(iDsatLif o{ hydrogen,
alkyl, alkenyl, alkyny{ ara%f(yr, cygloal(ﬁy, C %Oalﬁ(%);, ﬁetero&croaﬂy\g, andcﬁiecferocyggalkenyl. 10.
The polymer of clamnd, whessie tlepolynwel lcomyprises acpolymeersf Forida 4: £O8REIR2 Qc

CR; (OCR,CR,) ] -; wherein u is a whole number selected

from 1-20; and R is independently selected from the

group consisting of  hydrogen, alkyl, alkenyl,

alkynyl, aralkyl, cycloalkyl, cycloalkenyl,

heterocycloalkyl, and heterocycloalkenyl.

10. The polymer of claim 1, wherein the polymer

comprises a polymer of Formula 4:

Formula 4
wherein
m is a whole number selected from 2 to 350;
n is a whole number selected between 1 and 15;
A has the formula -(CRz)p- or -[(CR;)q(OCR2CRz)] -,
wherein, p is a whole number selected from 1-20; g
is a whole selected from 1-10; t is a whole selected
from 1-10;
B 1is the polyhedral oligomeric silsesquioxane

selected from the group consisting of:

"\ A

Si——Q0—Si /
——e ]
O/w R4o//l ;ﬁ ? \ s
(o] R O _R
R4\Si/_o—c‘3—— // 0 o1 O”Si/\;/Rd

4

Ri—gf R o
IW——&—-O———& o X\ o
o / o / SR \/ 5 N
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Formula 4 wherein m is a whole number selected from 2 to 350; n is a whole number selected
between 1 and 15; A has the formula -(CRi,- or -[(CR21,(OCR2CR2LI-, wherein, p is a whole number
selected from 1-20; q is a whole selected from 1-10; t is a whole selected from 1-10; B is the
polyhedral oligomeric silsesquioxane selected from the group consisting of: /AFe Si0Si /R4 Si-R04 00
t\R4 Si- 0-Si\ R4Si0 KC)\ I Si R* %

R4 i
\\&//O \
o)
\ R4 \ R4
o0/ © R* /ss/
a~\NlO \//Oé U,
o | T8 R4 /
__Si—o0- /0 R si
o s NN
. i
RA/S'\ ] R4 0 O\ \ /O o]
QJ PN ° O/%\\O\lk’
- i
Sl\ /O R4 S!//O \R4 O/ \R4
/’ O——g; 4 \\O\\&//
w \ \
RY , and R* ;

R’ is independently selected from hydrogen and alkyl;
R® is independently selected from the group
consisting of hydrogen, alkyl, aralkyl, cycloalkyl,
and aryl;

R* is independently selected from the group
consisting of hydrogen, alkyl, aralkyl, and
cycloalkyl;

R® is selected from the group consisting of hydrogen,
alkyl, aralkyl, c¢ycloalkyl, heterocycloalkyl, and
aryl; or has the formula -[CR;(OCR,CR;),]- wherein u
is a whole number selected from 1-20; and

R is independently selected from the group
consisting of hydrogen, alkyl, aralkyl, cycloalkyl,
and heterocycloalkyl.

11. The ©polymer of «claim 1, wherein the polymer
comprising a complimentary polyester comprises
poly (D-lactic acid) or poly(L-lactic acid).

12. The polymer of claim 11, wherein the complimentary
polyester 1is a polymer of claim 1, poly(D-lactic
acid), or poly(L-lactic acid).

13. A stereocomplex comprising at least one polymer of

claim 1.
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si-osR4 124/0000,Si//CY \R4 Si R2 is independently selected from hydrogen and alkyl; R3 is
independently selected from the group consisting of hydrogen, alkyl, aralkyl, cycloalkyl, and aryl; R4 is
independently selected from the group consisting of hydrogen, alkyl, aralkyl, and cycloalkyl; R5 is
selected from the group consisting of hydrogen, alkyl, aralkyl, cycloalkyl, heterocycloalkyl, and aryl; or
has the formdla -[CRI(OCR2ZCRE), wieréining sawlsdle neprsensbiettat ffortl-2aat R is

independently selegﬁeed fr%%ttj}eigrouc% 59 'g@n’g O‘C_MQE%QPQ’ aIl%earalgle%ggg%gpllggd

heterocycloalkyl. 11. The polymer of 1, wherein the polymer comprising a complimentary

polyester comprisespuiy(EsReetie acih a holy(e-lasticyasd). 2. The polyimer of claim 11, wherein the
complimentay polyeslels:f.Balymer 9t clai &y Pl (D-larlieadi). ALPLYL-lasleAFNL:: 3. A
stereocomplex comprising at least one polymer of claim 1.

further comprises a second polymer of claim 1 or the

matrix polymer.

16. The composite of claim 14, wherein the polymer of
claim 1 comprises about 1% to about 10% by weight of
the composite.

17. The composite of claim 14, wherein the matrix
polymer is a polyester.

18. The composite of claim 17, wherein the polyester is
poly (D-lactic acid) or poly(L-lactic acid).

19. The composite of claim 14, wherein the composite 1is
prepared by melt compounding.

20. The composite of claim 14, wherein the polymer of
claim 1 is present in crystalline form.

21. A method comprising the steps of contacting a
polymer of claim 1 with a polymer comprising a
complimentary polyester under conditions that favor
stereocomplexation, thereby forming a stereocomplex
comprising the polymer of claim 1 and the polymer
comprising a complimentary polyester.

22. The method of claim 21, wherein the polymer
comprising a complimentary polyester comprises
substantially pure poly(D-lactic acid) or poly(L-
lactic acid).

23. The method of claim 22, wherein the complimentary
polyester is a polymer of claim 1, poly(D-lactic
acid), or poly(L-lactic acid).

24. The method of claim 21, further comprising the step
of melt mixing the stereocomplex with at least one

matrix polymer.

49



14. A composite comprising a stereocomplex and at least one matrix polymer, wherein the
stereocomplex comprises at least one polymer of claim 1. 15. The composite of claim 14, wherein the
stereocomplex further comprises a second polymer of claim 1 or the matrix polymer. 16. The
composite of claim 14, wherein the polymer of claim 1 comprises about 1% to about 10% by weight of
the composite. .17. Tihe compbhsife ob Elainlb4,nwherejin thiaadtix potymer =4 polyesternt8. The
composite of claim 17, wherein the polyester is poly(D-lactic acid)E r_poly(L-lacti id). 19. The
composite of claimtlalf,{%v%e?g%%ﬁe%%mapo%ﬁggég) E%ép%%d ?/Sn%el cgr%p%%ﬁ |F|g%§(§ Thcel’composite of
claim 14, wterein thegotyatgrat claim ¢ ispresent,in ehystallime folm. 2da riethodlconsarising the
steps of contactingiaS poI{g@ewj f!_iaci :;,I é/vithcg (E)bplyn%er %qngg@s_i@t% grcpén%!i(ﬂ%r}tary polyester under
conditions that favor stgreo%Omp exation, thereby %rm?ng stereocomplex comprising the polymer of
claim 1 and the polymer comprising a complimentary polyester. 22. The method of claim 21, wherein
the polymer comprising a complimentary polyester comprises substantially pure poly(D-lactic acid) or
poly(Llactic acid). 23. The method of claim 22, wherein the complimentary polyester is a polymer of
claim 1, poly(D-lactic acid), or poly(L-lactic acid). 24. The method of claim 21, further comprising the
step of melt mixing the stereocomplex with at least one matrix polymer. 25. The method of claim 21,
wherein the melt mixing takes place at a temperature less than about 200 C. 26. The method of claim
21, wherein the matrix polymer is poly(D-lactic acid) or poly(L-lactic acid).
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