20117129771 A1 I 00 O 01 0O A0

<

W

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

-

U
(43) International Publication Date :
20 October 2011 (20.10.2011)

2P0

(10) International Publication Number

WO 2011/129771 A1l

(51) International Patent Classification:
C08G 81/02 (2006.01) CO8L 67/04 (2006.01)

CO8L 33/08 (2006.01)

(21) International Application Number:

PCT/SG2011/000146

(22) International Filing Date:

14 April 2011 (14.04.2011)
English
English

(25)
(26)
(30)

Filing Language:
Publication Language:

Priority Data:
61/324,112 14 April 2010 (14.04.2010) Us

Applicant (for all designated States except US): AGEN-
CY FOR SCIENCE, TECHNOLOGY AND RE-
SEARCH [SG/SG]; 1 Fusionopolis Way, #02-10 Con-
nexis, Singapore 138632 (SG).

1

(72)
(73)

Inventors; and

Inventors/Applicants (for US only): HE, Chaobin
[CN/SG]; c/o Institute of Materials Research and Engi-
neering, 3 Research Link, Singapore 117602 (SG). LIN,
Ting Ting [SG/SG]; c/o Institute of Materials Research
and Engineering, 3 Research Link, Singapore 117602
(SG). WONG, Pui Kwan [US/SG]; c/o Institute of
Chemical and Engineering Sciences, 1 Pesek Road, Ju-
rong Island, Singapore 627833 (SG). YE, Suming
[SG/SG]; c/o Institute of Chemical and Engineering Sci-
ences, 1 Pesek Road, Jurong Island, Singapore 627833
(SG).

Agent: YU SARN AUDREY & PARTNERS; 24 Raffles
Place, #27-01 Clifford Centre, Singapore 048621 (SG).

74

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant's entitlement to apply for and be granted
a patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of
the earlier application (Rule 4.17(iii))

of inventorship (Rule 4.17(iv))
Published:

with international search report (Art. 21(3))
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(57) Abstract: The brittleness of a thermoplastic material containing a polylactic acid may be reduced by melting and mixing the
thermoplastic material and a gratt copolymer to link the graft copolymer to thermoplastic polymer to form a new thermoplastic
material with reduced brittleness. The graft copolymer comprises an elastomeric backbone and a side chain grafted to the back-
bone. The side chain comprises a enantiomer of lactic acid opposite to the enantiomer in the thermoplastic material. A composi-
tion comprises a thermoplastic polymer and the graft copolymer, where the gratt copolymer is linked to the thermoplastic polymer
by the enantiomers. A method of forming the composition may comprise melting precursors for the thermoplastic polymer and the
graft copolymer, and mixing the precursors to allow the lactic acids to link the graft copolymer to the thermoplastic polymer.
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THERMOPLASTIC COMPOSITION FORMED FROM POLYLACTIC ACID AND
ELASTOMERIC GRAFT COPOLYMER

CROSS-REFERENCE TO RELATED APPLICATION

-[0001] ' This application claims the benefit of, and priority from, U.S.

provisional application No. 61/324,112, filed April 14, 2010, the entire contents of

which are incorporated herein by reference.

FIELD

[0002] The present invention relates generally to thermoplastic
compositions, and pérticularly to compositions formed from polylactic acid and an

elastomer, and methods of forming such thermoplastic compositions.

BACKGROUND

[0003] Thermdplastics are widely used. Many thermoplastic polymers, such
as polystyrene and poly(methyl methacrylate), are brittle (i.e. easy-to break) at low
temperatures, which limits their applications. Polystyrene and poly(methyl
methacrylate) may be “toughened”.(i.e. made able to withstand greater strain
without tearing or breaking) by adding an elastomeric copolymer during the
manufacturing process, so that the elastomeric copolymer chains form dispersed
rubber particles in the plastic matrix fbrm‘ed by the thermoplastic polymer. The
resulting composition is still thermoplastic but can w_ithsténd higher stress and

strain without breaking, as the presence of rubber particles can increase the energy . |

required for crack propagation by causing cavitation, crazing, or shear banding.
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SUMMARY

[0004] . Itis desirable to provide new and alternative thermoplastic materials
with reduced brittleness. It is also desirable to provide alternative techniques to

reduce brittleness of thermoplastic materials.

[0005] Accordingly, in-an aspect of the present invention, there is provided a

-composition comprising a thermoplastic polymer comprising a first enantiomer of

lactic acid, and a graft copolymer comprising an elastomeric backbone and a side
chain grafted to the backbone. The side chain comprises a second enantiomer of
lactic acid. The first and second enantiomers have opposite chiral configurations.

The graft copollymer is selecited and linked to the thermoplastic polymer by the first

“and second enantiomers of lactic acid so that the composition is thermoplastic and

less brittle than the thermoplastic polymer.

[0006] | In another aspect, there is provided a compo'si,tion comprising a
thermoplastic polymevr' comprising a first enantiomer of lactic acid, and a graft
copolymer comprising an elastomeric backbone and é side chain grafted to the |
backbone. The sidé chain comprises a second enantiomer of lactic acid. The first
and second enantiomers have opposite chiral configurations. The first and second
enantiomers form a stereocomplex linking the thermoplaétic polymer and the graft

copolymer.

[0007] In certain embodiments, the thermoplastic polymer may comprise
one of poly(L-lactic acid) and poI'y(D-Iact.ic acid), avnd the side chain in the graft
copolymer may comprise the other of poly(L-lactic acid) and poly(D-lactic acid). The
backbone of the graft copolymer may comprise a polyacryléte, such as poly(alkyl

acrylate). The poly(alkyl acrylate) may comprise n-butyl acrylate, n-hexyl acrylate,

. or n-octyl avcrylate. The side chain may be grafted to the backbone of the graft

copolymer through a hydroxy- or amine- functionalized acrylate gr0up. The

hydroxy-functionalized acrylate group may comprise hydroxyethyl acrylate, such as

- 2-hydroxyethyl acrylate (HEA) or 2-hydroxyethyl methacrylate. The composition

~may comprise about 1 to about 20 wt% of the graft copolymer. The thermoplastic

polymer may have a number average molecular weight (Mn) of ab.out 20,000 to

-about 500,000‘g/mol, the elastomeric backbone of the graft copolymer may have

2
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an Mn of about 50,000 to about 500,000 g/mol, and the side chain of the graft - _
copolymer may have an Mn of about 2,000 to about 50,000 g/mol. The
thermoplastic polymér may comprise 100 to 5000 repeating units of the first
enantiomer of lactic acid. The composition may have a percentage of elongation at
break of ébout 23% to about 30%.

_.._[00_0,8],,,‘*_“__J,nv,a_no_thue.r__'a spect, there is_ p.r,oyid_ed_,a__m_e_tho_d_‘_of_f_orm.i ngthe .

| exemplary composition described herein. The method comprises melting a first
precursor for the thermoplastic polymer; melting a second precursor for the graft
copolymer; and mixing the first and second precursors in a mixture at a
temperature above melting temperatures of the thérmoplastic polymer and the graft

‘copolymer to allow formation of stereocomplexes of lactic acid.

[0009] In certain embodiments, the method may comprise copolymerizing a
mondmer for the backbone and écrylate-terminated polylactic acid of the second
enantiomer to form the second precursor for the graft copolymer. The second
precursor for the graft copolymer may also be fofmed by providing a copolymer
brecursor for the backbone, and reacting a lactic acid‘With the copolymer precursor
for the backbone to graft a side chain comprising an aorylateéterminatéd polylactic

acid from the copolymer precursor for the backbone.

[0010] " In a further aspect, there is provided a method of reducing brittleness
- of a thermoplastic material. The method comprises melting a first thermoplastic
material comprising a polymer formed of a first enantiomer of lactic acid; melting a
“graft copolymer, the graft copolymer comprising an elastomeric backbone and a
side chain grafted to the backbone, the side chain comprising a second enantiomer
of lactic acid; mixing the melted first thermoplastic material with the melted graft
copolymer for a sufficient time to allow the first and second enantiomers-of lactic
acid to react and link the polymer in the first thermoplastic material to the graft
copolymer, to form a second thermoplastic material; and solidifying the second
'thermoplastic material to form a thermoplastic material that is less brittle than the

first thermoplastic material.

[0011] In certain embodiments, the first thérmoplastic material may

comprise one of poly(L-lactic acid) and pon(D-Iaétic acid), and the sid_e chain of the

3
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graft copolymer may comprise the other of poly(L-lactic acid) and poly(D-lactic .
acid). The backbone of the graft copolymer may comprise a poly(alkyl acrylate),

such as poly(n-butyl acrylate).

[0012] Other aspects, features, and embodiments of the present invention
will become apparent to those of ordinary skill in the art upon review of the following
....................... description_of specific embodiments.of the.invention in-conjunction with the .~

accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] - In the figures, which illustrate, by way of example only, embodiments

of the present invention:

[c014] - FIG. 1 is a schematic diagram of a synthesis route for forming a

composition exemplary of an embodiment of the present invention; and

[0015] ~  FIG. 2is a schematic diagram of an alternative synthesis route for

forming an intermediate compound shown in FiG. 1.

DETAILED DESCRIPTION

[0016] Certain exemplary embodiments of the present invention relate to
thérmopléstic compositions formed from a thermoplastic polymer and an .
elastomeric graft copolymer. The thermoplastic polymer-includes an enantiomer of
~ lactic acid. The graft copolymer includes a side chain having the opposite
enantiomer of lactic acid. The graft copolymer is selectedvand linked to the
thermoplastic polymer by the opposite enantiomers such that the brittleness of the
thermoplastic composition is less than the brittleness of the thérmoplastic polymer

in its pure form.

[0017] | Exemplary embodiments of the present invention also relate to

thermoplastic compositions formed from a thermoplastic polymer of_Iaétic acid and
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an elastomeric graft copolymer, which are linked by polylactic acid

stereocomplexes (PLA stereocomplexes).

[0018] The thermoplastic poklymer includes a first enantiomer of lactic acid.
- For example, in one erﬁbodiment, the thermoplastic polymer may be poly(L-lactic
acid) (PLLA). In a different embodiment, the thermoplastic polymer may be poly(D-
. lactica ci_d_)L(EDLA).._BLLA;.andBD.LA,_areAa.Iso_i.n.d.i_v.i.d.ua lly-and_collectively referred__
to as polylactic acid or PLA. As is known, L-lactic acid (LLA) and D-lactic ac'id (DLA)
are enantiomers with opposite chiral configurations, and PLLA and PDLA can form

a stereocomplex (PLA stereocomplex).

[0019] It should be understood that a PLA stereocomplex is different from a
‘mere mixture of PLLA and PDLA in which no PLA stereocomplex is formed, in the
sense that a PLA stereocomplex is a racemic configuration of PLLA and PDLA
which exhibits properties that are significantly different from an ‘optically pure PLA
configuration. For example, the melting point temperature of a PLA material can be
substa'ntially increased due to formation of PLA sferéocomplexes, as compared to
the melting point temperature of a PLA material containing optically pure PLA |
configurations, or a mere mixture of PLLA and PDLA with no PLA stereocomplex.
Thus, the formation of PLA stereocomplex in a PLA-containing material can be
detected by measuring certain properties, such as melting point temperature, heat
of fusion, and crystal structure (e.g. as characterized by resonance frequencies
measured by a suitable spectroscopic technique) of the PLA—containing material.
As can be understood, melting point temperatures may be measured by differential
scanning calorimetry (DSC), heat of fusion may be measured by Dynamic |
Mechanical Ahalysis (DMA), and crystal structures may be charaterized by X-ray
spe}ctro‘scopy. Other suitable techniques may also be used to measure or
charactorize the crystal structure in a material, as can be uvnderstood by ihose.
skilled in the art. |

[0020] | In a melted state or in a solution, PLI?A and PDLA can self-assemble

to form PLA stereocomplexes. PLA stereocom plexes can form crystalline lattices.

[0.021] The graft copolymer includes an elastomeric backbdne and one or

* more side chains grafted. to the backbone. The backbon‘e may be formed from any

5
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suitable elastomeric polymer as will be further described below. The side chain
includes a second enantiomer of lactic acid. The first and second enantiomers have
opposite chiral configurations. Thus, the thermoplastic polymer comprises one of
PLLA and PDLA, and the side chains comprise the other of PLLA and PDLA. For
example, the side chain of the graft copolymer may include PDLA when the

thermoplastic polymer is PLLA; or may include PLLA when the thermoplastic

“polymeris PDLA.

[0022] At least some of the first and second enantiomers of polylactic acid in

the composition form PLA stereocomplexes.

[0023] In some exemplary embodiments, the backbone of the graft
-copolymer may be formed of a polyacrylate, such as poly(alkyl acrylate). The
“monomer in the poly(alkyl acryla’te) may include n-butyl acrylate, n-hexyl acrylate,

or n-octyl acrylate. In other embodiments, the backbones of the graft copolymer

may include other types of elastomeric chains. The elastomeric chain may.be
selected so that the graft copolymer has a transition glass temperature (Tg) below
room temperature. The elastomeric chain may héve‘ PLA blocks or graft PLA

groups.

[0024] In selected embbdiments, elastomers with pendant 'hydroxy groups
may be conveniently used to form PLA graft polymers. For example, in some
embodiments, poly(isoprene) (Pl) may be used as an ‘elasto'meric backbone. In
different embodiments, polybutadiene or ethylene propylene diene monomer (M-

~ class) (EPDM) rubber may be used. The double bonds in these elastomers can be
functionalizéd, such as by hydrogenation, to saturated hydrocarbon blocks, which

can be conveniently utilized to compatiblizing PLA with, e.g. polyolefins.

[0025] As can be understood, the specific elastomers to be used in a
particuiar embodiment may be selected based on various factors of interest in the
particular application, and can be determined by those skilled in the art based on
known properties of different elastomeric materials, such as elasticity, mechanical
strength, reactivity, solubility, chemical resistance ‘to certain materials, compatibility

with other polymers, or the like.
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[0026] | The side chains of the graft copolymer may be grafted to the
backbone of the graft copolymer through a suitable acrylate group such as a

~ hydroxy- or amine-functionalized acrylate group. A hydroxy- or amine-functionalized
acrylate suitable for use as a ring opening polymerization initiator may be used.
Suitable hydroxy-functiohalized acrylates may include hydroxyethyl acrylate, such

as 2-hydroxyethyl acrylate, or 2-hydroxyethyl methacrylate. In different

.embodiments, another suitable initiator may be used.

[0027] The initiator and the corresponding lactide or polylactide may be
dissolved in a suitable organic solvent, such as anhydrous toluene or
tetrahydrofuran. Various suitable Lewis acid metal complexes may be used as -
catalysts for the ring opening'polymerization of lactide. For exampile, tin(H) octoate
| (also referred to as stannous octoate) and aluminum isopropoxide may be used. In
an exemplary embodiment, the solution may contain about 1 wt% of stannous
octoate based on the total weight of the lactide and the initiator. The solution méy
be heated to a suitable temperature, such as about 70 °C, and continuously stirred.
After the acrylate-terminated PLA is formed, the solvent and other components may
‘be removed, such as by evaporation. The residue may be purified and dried

accdrding’to standard procedures known to those skilled in the art.

[0028] The graft copolymer may have a relatively low glass transition
fe’mperature (Tg), such as below about 0 °C. The elastomer in the backbone may
also have a relatively high melting temperature (T,,). The polyacrylate .may include
poly(alkyl acrylate), and may be formed from an acrylate monomer such as n-butyl

acrylate, n-hexyl acrylate, or n-octyl acryla{e, or-a combination thereof.

[0029] : The graft copolymer in the composition may be about 1 to abéut 20
wt% based on total weight of the composition, such-as from about 2 to about 10
‘wt%. The thermoplastic polymer (or PLA) may have a number average molecular
weight (Mn) of about 20,000 to about 500,000. The number of répeating units (n) in
the PLA may be from 100 tb 5000. The Mn for the backbone in the graft copolymer
may be from about 50,000 to about 500,000. The Mn of the side chains in the
copolymer may be from about 2,000 to about 50,000. All values of Mn listed herein

are given in units of g/moI;
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[0030] . Due to the thermoplastic chains, the composition is also
thermoplastic. Due fo the presence of the graft copolymer and PLA
stereocemplexes, the brittieness of the composition is reduced as compared to a
pure PLLA or PDLA polymer. " '

[0031] ~ The brittleness of different polymers may be assessed based on the
_...n.___measuredﬂoereentagesef-elongatio-n--atﬂbreak—in~tenSiIe-_testsfil'ensi.I.e~testfis-a_we!»l_#_ﬁm
Aestablished technique known to those skilled in the art, and may be performed
according to the ASTM D638 testing standard. In some exemplary embodiments,
the percentage of elongation at break for the composition may be increased from
that of pure PLLA by about 5 to about 8 times at room temperature, corresponding
to a substantial reduction in brittleness. For example, an exemplary embodiment of
| the composition may have a percentage of elongation at break of higher than about
7%. In another exemplary embodiment, the composition may have a percentage of
elongation at break of higher than about 10%. In a further exemplary embodiment,
the composition may have a percentage of elongation at break of higher than about
20%. In another exemplary embodiment, the composition may have a percentage

of elongation at break of about 23% to about 30%.

[0032] The corhposition may be prepared by melting a first precursor for the .
thermoplastic polymer, melting a second precursor for the graﬂ copolymer, and '
mixing the melt precursors in a mixture at a temperature above the melting
temperatures of the thermoplastlc polymer and graft copolymer to allow formation

of stereocomplexes of lactic acid.

'{0033] In a specific embodiment, the elastomer may be pely(n-butyl

acrylate) (PBA) formed from n-butyl acrylate (n-BA) monomers. |

[0034] When PLLA is used as the precursor for the thermoplastic polymer
and PBA-g-PDLA is ueed as preeursor for the graft copolymer, the mixing
temperature for mixing the blend of PLLA ahd PBA may be about 180 °C or higher,
as the melting temperatures of PLLA and PBA- -g-PDLA are typically 173-178 °C
and 166-167 °C, respectlvely
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[0035] - The blend mixture of the thermoplastic polymer and graft copolymer
may be stirred or otherwise agitated. The mixture may be heated and stirred for a

sufficient period of time to allow formation of PLA stereocomplexes.

[0036] The graft copolymer may be produced in any suitable manner. For
example, when poly(acrylate acid) (PAA) is used as the elastomeric backbone
__________._._,43,0Iym.er.,__a_tesp.ecti.vﬁe_EAA:g:BLAbma«yﬁb.evfotme¢b;ppo.l.yme.nizing.anﬁal.kyl_acAr,ylatew‘___,_
with a corresponding acfylatthefminated (capped) PLA. For example the alkyl
acrylate and the corresponding acrylate-terminated (capped) PLA may be dissolved
in a solution that contains a suitable solvent and a suitable polymerization initiator.
The solvent may be dioxane. In a different embodiment, another solvent may also
be used. The initiator may be benzoyl peroxide. The solution may be bubbled with.
| an inert gas for a period of time, such as 30 minutes, to remove air, and then

heated and stirred to accelerate the desired reaction.

[0037] The acrylate-terminated PLAs may be formed by reacting a hydroxy-
or amine-functionalized acrylate with L-lactide (or poly(L-lactide)), or D-lactide (or
poly(D-lactide)), respectively. Hydroxy- or amine-functionalized acrylate suitable for
use as a ring opening polymerization initiator may be used. Suitable hydroxy-
functionalized'acrylatés may include hydroxyethyl acrylate, such as 2-hydrdxyethy|
écrylate, or 2-hydroxyethyl methacrylate. In different embodiments, another suitable

initiator may be-used.

[0038] =  The initiator and the corresponding lactide or polylactide may be
dissolved in a suitable organic solvent, such as anhydrous toluene. A suitable
Lewis acidic métal complexes, such as Sn(Oct), (stannous octoate or stannous
octanoate), may be added to the solution. For example, the solution may contain
about 1 wt% of stannous octoate based on the total weight of the lactide and the
initiator. The solution may be heated to a suitable temperature, su_ch as about
70°C, and continuously stirred. After the acrylate-terminated PLA is formed, the

- solvent and other components may be removed, such as by evaporation. The
residue may be purified and dried according to standard procedures known to
those skilled in the art. | :
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[C039] A specific exemplary synthesis route is illustrated in FIG. 1 and

discussed in the Examples. In this exemplary route, PLA is gréfted on the

[{JV D R { St } }

copolymer in a process known as “grafting-through”. In FIG. 1, the values of “n”, “x
and “y" may vary depending on the weight percentages, molecular weights, or .
ratios of the various ingredients added in the reaction process including monomers,

PLA macromers, and initiators. For example, the value of “n” may be controlled by

-adjusting the ratio of initiator and lactide in the reaction mixture. The amount of the
PLA macromer in the resulting copolymer may vary from about 10 to about 50 wt%,
such as from about 20 to about 30 wt%. The molecular weight of the PLA
macromer may vary from about 2,000 to about 10,000 g/mol, such as from about

5,000 to about 20,000 g/mol.

| [0040] The molecular weight (such as number or weight average molecular
weight) of any intermediate or product may be measured using any suitable
technique. For example, the molecular weight may be determined using high
pressure liquid chromatography (HPLC), gel permeation chromatography (GPC),
viscometry, vapor pressure osjmometry or beam scattering techniques, among

others.

[0041] In‘selected embodiments, graft copolymers, such as PBA-g-PLLA
and PBA-g-PDLA, may be prepared using a “grafting-from” polymerization
technique. Briefly, a PLA graft copolymer may be formed by providing a copolymer
precursor, and reacting a lactic acid with the copolymer precursor to graft a side
chain compriéing an acrylate-terminated polylactic acid from the copolymer

precursor.

_[0042]' An exemplary “grafting-from’; synthesis route is illustrate_d in FIG. 2
for grafting poly(n-butyl acrylate)-b-poly(2-hydroxyethy! acrylate) (PBA-b-PHEA)
with PLA. With reference to route (1) in FIG. 2, a'copolymer precursor, PBA-b-
PHEA, may be prebared by free radical polymerization using benzoyl peroxide
(Bz203) as the initiator. As illustrated in route (2’) of FIG. 2, PBA-b-PHEA may be

- grafted with PLA by a “grafting-from” technique using hydroxylated precursors of

the n-butyl acrylate polymer as a macroinitiator of the ring-opening polymerization

of lactide.

10
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[0043] - Adifference between the “grafting-from” technique and “grafting-.
through” using a PLA macromer is that with the “grafting-from"'technique as

illustrated in FIG. 2, more densely grafted copolymers may be obtained.

[0044] LA stereocomplexes may be formed by blending PLA enantiomers
by solu_tion'casting, or by melt blending. Both solution casting and melt blending
,,,_A_____te_c.h_noJ,ogies_ar_e_v_v.eJI_kn_ow_n__t‘oA_.thoseA,skilJ,e,d_,theﬁar_t,an,d;_can,-b.e_r.eadilyjd_a_pte_d_fo[ R

'application in the exemplary embodiments herein.

[0045] For example, melt blending may be conducted for example at 180 °C
‘for about 10 minutes. The melt blend may be a 50:50 blend. That is the polymer
containing PLLA and the polymer containing PDLA in the blend may have a 1:1
‘weight ratio. The melt blend may be dried and compression molded at, for example,
about 200 °C. Conveniently, the dried blend may have a melting temperature as

high as about 220 °C, and a transition glass temperature of about -26 °C.

[0046] . The exemplary embodiments disclosed herein may be conveniently
used in many applications of different fields. For example, exemplary compositions

disclosed herein may be used as thermoplastics or rubber replacements.

[0047] Rubbers or other thermoplastic materials may be tbughened

according to exemplary embodiments disclosed herein.

[0048] . For example, to reduce brittleness of a thermoplastic material that
includes a polymer formed of a first enantiomer of lactic acid, the thermoplastic
material may_be meltéd and mixed with a melted graft copolymer described heréin
in which a side chain grafted to the backbone of the graft copolymer includes a
second enantiomer of lactic acid, with a chiral configuration opposite to that of the
first enantiome‘r. The melted initial thermoplastic material and graft copolymer may

- be mixed for a sufficient time to allow the first and second enantiomers of lactic acid
to form stereocomplexes, thué linking the polymer in the initial thermoplastic
material to the graft copolymer, to form a resulting thermoplastic material.
Conveniently, after the résulting thermoplastic material is solidified, it is less brittle

than the initial thefmoplastic material.

11
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[0049] It will be undefstood that when references are made to polymers.
formed of a specific monomer, such as L-lactic acid or D-Iactid acid, the polymers
are not necessarily entirely formed of the specified monomer. For example, a PLLA
may not be formed of 100% LLA monomer units and a PDLA may ndt be formed of
100% DLA monomer units. In practice, a 100% pure polymer form is difficult to

obtain, and the polymers may contain other components such as other monomers

-and defects. For example, a PLLA polymer may contain a small percentage of DLA
or PDLA, and a PDLA polymer may contain a small percentage of LLA or PLLA.
Depending on the particular application, in some embodiments, the purity of the
polymér, including the optical purity of the polymer, may be from about 90% to
about 100%. In some embodiments, the purity of the polymer may be from about
-95% to about 100%. In some embodiments, the purity of the polymer may be from
about 85% to about 100%. In some embodiments, the optical purity of the polymer
'may be above 66%, or above 72%. In some embodiments, the mole fraction of the

minor enantiomer in the polymer may be less than 0.14, or less than 0.17.

[0050] Exemplary embc_ﬁdiments of the present invention are further

_ illustrated with the following examples, which are not intended to be limiting. |
[0051] EXAMPLES

[0052] Lactide ‘used in these examples was purchased from Purac
Biomaterials™, and was Ljsed as received, unless otherwise épeciﬁed; The
synthesis route for preparing the intermediate and final sample materials is as
shown in FIG. 1. '

[0053] » Instron™ 5569 téble universal testing machine was used io measure

stress/strain of the samples according to ASTM D638.
[0054] - Example I. Synthesis of PLLA macromers

[0055] Sample PLLA macromers were prepared following the synthesis
route (1) shown in FIG. 1. For each sample, a selected amount of L-lactide and
stannous octoate (1 wi% of the total weight of lactide and the initiator) Were
dissolved ‘in 150 ml anhydrous toluene in a Schlenk flask under an argonv

atmaosphere. A selected amount of 2-hydroxyethyl acrylate was added to the
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solution as the ring opening initiator. The amounts of the initiator and the catalyst
were adjusted to form different samples with different molecular weights. The
resulting mixture was heated to 70 °C and stirred for 3 days. Toluene was then
removed under reduced pressure using a rotary evaporator. The residue was

- purified by dissolution in CH2C|2 and precipitation from the solution by addition of

methanol. The precipitate was dried under vacuum at 55-60 °C for 24 hours.

'[_0056] For one of the samples, referred to as Sample |, 21.6 g (150 mmol)
of L-lactide, 0.221 g of stannous octoate, and 513.3 mg (4.42 mmol) of 2-
hydroxyethyl acrylate were used to produce about 21.3 g of PLLA macromer, with
GPC Mn = 8094 and Mw = 9967. | |

[0057] Two other samples, referred to as Sample 1A and Sample IB, were
formed with 14.4 g L-lactide and different amounts of initiator and catalyst. '
Molecular weights were found to be Mn=14319 and Mw=15356 for Sample IA, and
Mn=28468 and Mw=32023 for Sample IFB. '

[0058] Example Il. Synthesis of PDLA macromers

[0059]. The procedure shown in route (1) of FIG. 1 and as described in
Example | was followed but the L-lactide was replaced with D-lactide to produce

PDLA macromer samples.

[0060] For Sample I, 21.6 g '(150 mmol) of D-lactide, 0.221 g of stannous
octoate, and 513.3 mg (4.42 mmol) of 2-hydroxyethyl acrylate were used to
‘produce about 21.3 g of PDLA macromer, with GPC M, = 8308 and M,, = 9976.

[0061] . For Samples lIA and IIB’, 14.4 g of D-lactide was used and the
amounts of the initiator and catalyst were adjusted to produce sample macromers
with different molecular weights. Sample [IA: Mn=13400 and Mw=14316. Sample
IIB: Mn=28424 and Mw=31943. | |

[0062] Example lil. Synthesis of graft copolymer PBA-g-PLLA

[0063] -PBA-g-PLLA samples were prepared fbllowing the synthesis route (2)
shown in FIG. 1. 9 g of n-Butyl acrylate (n-BA), 3 g of PLLA of Sample |, and 120

13
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mg (1 wt%) of benzoyl peroxide were dissolved in 25 ml dioxane in ai100 mi
Schlenk flask. The resulﬁng solution was bubbled with argon for about 30 min to
remove air and then heated to 70 °C with stirring overnight. The hot solution was
poured into methanol to precipitate the graft copolymer. The precipitate yielded .
10.7 g of graft copolymervPBA-g-PLLA (Sample Hl), with GPC M,, = 67208 and M,,
= 239745, |

'[0064] : Samples IlIA and llIB were also prepared following the above
procedure, but with Samples IA and IB as the respective PLLA macromer. Sample
IA: Mn=61182 and Mw=167207. Sample IlIB: Mn=100348 and Mw=287192.

[0065] Sample IIIC was prepared as follows. 5 g of n-Butyl acrylate (n-BA),
3.3 g of PLLA of Sample 1B, and 83 mg (1 wt%) of benzoyl peroxide were dissolved
in 15 ml dioxane in a 100 ml Schlenk flask. The resulting solution was bubbled with
argon for about 30 min to remove air and then heated to 75 °C with stirring
~overnight. The hot solution was poured into methanol to p'recipitate the graft
copolymer. The precipitate yielded 6.8 g of graft dopolymer PBA-g-PLLA (Sample
I[IC), with GPC M, = 98637 and M,, = 277134.

[0066]' Example IV. Synthesis-of graft copolymer PBA-g-PDLA

[0067] PBA-g-PDLA samples were prepared according to the synthesis

" route (2) of FIG. 1. 9 g of n-Butyl acrylate, 3 g of PDLA of Sample I, and 120 mg
(1wt%) of benzoy! peroxide were dissolved in 20 ml dioxane in a 100 ml Schlenk

. flask. The resulting solution was bubbled with argdn for about 30 min to remove air
and then heated to 70 °C with stirring overnight. The hot solution was poured into
methan_ol to precipitate the graft copolymer. The precipitate yielded 10.6 g of graft
copolymer PBA-g-PDLA (Sample 1V), with GPC M, = 68747 and M,, = 274797.

[0068] Samples IVA and IVB were also prepared following'the above
procedure. However, the maéromers used were Sample 1A or lIB, respectively,
instead of Sample II. Sample IVA: Mn=72731 and Mw=240989. Sample IVB:
Mn=92390 and Mw=303983. |

. [o069] Sample IVC was prepared as follows. 5 g of n-Butyl acrylate (n-BA),
- 3.3 g of PDLA of Sample IIB, and 83 mg (1 wt%) of benzoyl peroxide were

14
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dissolved in 15 ml dioxane in a 100 ml Schlenk flask. The resulting solution was
bubbled with argon for about 30 min to remove air and then heated to 75 °C with
stirring overnight. The hot solution was poured into methanol to precipitate the graft
copolymer. The precipitate yielded 7.0 g of graft copolymer PBA-g-PDLA (Sample
IVC), with GPC M, = 93511 and M,, = 271863.

~.—[0070] . Example V. Blend of PLL A and_PBA-g-PDL A

[0071] For preparing each sample blend, PLLA (obtained from
 NatureWorks™, 3051D) and 10 wt% of Sample IVA or Sample IVB were mixed in a
-Brabender™ mixer for 15 min at 180°C and 50 rpm to produce the blend. The
blend was removed from the mixer and cooled to room temperature, and then
- grounded into smaller particles in a grinder. Samples VA and VB (also collectively A
referred to as Samples V) were prépared with Sample IVA or Sample IVB

réspectively. ‘
[0072] Example VI. Blend of PLLA and PBA-g-PLLA (Comparison Samples)

[0073] Samples VIA and VIB (also collectively referred to as Samples V)
were prepared accokding to the procedures described in Example V, but replacing

Sample IVA or IVB with Sample HIA or 1lIB, respectively.
[0074] - Example VII. Stress-Strain Measurements

[0075] Young’s modulus, tensile strength and tensile strain at break point of
the shaped safnples prepared in Example VI were measured using an Instron™
5569 table universal testing machine at a crosshead speed of 1 mm/min, according
to ASTM D638 standard. - '

[0076] © To prepare the test specimens, fhe respective sample powders were
dried under vacuum, placed in a steel mold (100 mm x 100 mm, sample holding
area), and pressed using a Carver™ hydraulic press at 195 °C for 5 min. The press
plates and the mold were cooled to room temperature before the press plates were
~ removed from the mold. Dumbbell-shaped specimens of Samples V were punched

with a hollow die (die type: ASTM D638 type V) from hot compression-molded
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plates. For tensile tests, tensile bars of the samples were die-cut from sample

materials in plate form.

[0077] Shaped PLLA (NatureWorks™, 3051D) samples, Samples V, and
Samples VI were subjected to stress-strain tests at room temperature respectivély.
Representative measured results are summarized in Table I. The values of “Strain

___atbreak” in.Table I reflect the.tensile strain_on.a given sample when it broke_under

‘stress. The tensile strain is a measure of change in length of the sample at point of
break, and can be expressed in elongation (e) as, e = (L-Lg)/Lo, where Ly and L are

-the initial sample length and the sample length under a given stress, réspectively.

[0078] As can be seen in Table |, as compared to PLLA, negligible changes |
were produced by adding PBA-g-PLLA graft copolymer (Samples V1), but
significant changes were shown in Samples V which included blends of PLLA and
PBA-g-PDLA. The measured percentages of elongation at break for Samplés \
were significantly higher than those of PLLA Samples and Samples VI. That is, the
brittleness of Samples V was significantly less than that of PLLA samples and
Samples VI. This result demonstrates that PLA stereocomplex formation at the
interface between PLA polymer and the elastomeric graft Copolymer can provide

sufficient interfacial adhesion for toughening thermoplastic PLA materials.

[0079] Table I. Results of Stress-strain test

M | Young's | Tensile Strain at

‘Sample graft PLA Modulus | Strength Br;eak

, copolymer (GPa) (MPa) (%)

(cihl’[_él) 79462 | 32+02 | 49.4+46 | 4.2+1.3

VIA 61,182 14,319 32405 | 37.2+25 6.2£2.9

VIB 100,348 28,468 3.2+0.2 | 30.5%0.8 7.0+3.1
VA 72,731 13,400 25+0.2 | 25.2+0.9 23.3:12.1
VB - 92,390 28,424 | 2.7 0.1 259411 | 29.7+13.2
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[0080] Example VIII. Synthesis of graft copolymers vby alternative routes

[0081] Sample graft copolymers PBA-g-PLA were also prepared following
the synthesns route shown in FIG 2. In particular, poly(n-butyl acrylate)-b- poly(2-
hydroxyethyl acrylate) (PBA-b -PHEA) grafted with PLA was prepared.

[0082] With reference to route (1’) in FIG. 2, PBA-b-PHEA was prepared by

free radical polymerization using benzoyl peroxide (Bz;0,) as the initiator. It was
then grafted with PLA by a “grafting from” technique using hydroxylated precursors
of the n-butyl acrylate (n-BA) polymer as a macroinitiator of the ring-opening

polymerization of lactide as shown in route (2’) of FIG. 2.

[0083] In this example, 54 g (0.42 mol) n-BA, 0.58 g HEA (0.005 moi) (feed
molar ratio of n-BA to HEA was 84) and 183 mg Bz,0, were dissolved in 75 ml dry
toluene and then degassed via three freeze-thaw cycles. The mixture was stirred at
70 °C overnight. The viscous mixture was then diluted with THF and poured into
large excess of methanol. The solution stood still for a few hours and the upper
layer was decanted. To remove methanol and moisture, the obtained PBA-b-PHEA
was dissolved in toluene and the solvent was removed on a rotovap. It was further
dried in vacuum 'Qven at 70 °C until no water peak was seen from nuclear magnetic
resonance (NMR). 43.38 g of PBA-b-PHEA, denoted as Sample VIlI-1, was
obtained, with Mn =90620 and Mw = 194037.

- [0084] In a 3-neck flask, 43.38 g of Sample VIII-1, 28.92 g LLA (feed weight
ratio of n-BA to LLA is 1.5) were dissolved in 200 rhl dry toluene and then 0.29 g
Sn(Oct), in 5 ml toluene was added via syringe. The mixture was stirred under Ar
by a mechanical stirrer at 85 °C for 3 days. Toluene was then removed from the
rotovap. The residue was purified by dissolution in CH,Cl, and precipitation from
the solution by addition of methanol. The precipit'atev was dried under vacuum at 55-

60 °C for 24 hours. The resulting sample was denoted as Sample VIII-L.

[0085] Samples VIII-2 and VIlI-D were also prepared, following the abbve
-procedures for forming.Samples VIlI-1 and VIII-L respectively, with the exception
that, instead of L-lactide, D-lactide was used for forming Samples VIlI-2 and VIII-D.
For Sample VIII-2, Mn=92246 and Mw=274840. |
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[0086] Some test results of the samples are shown in Table Il, in which the

values of the weight ratio of Wy,.8a/Wp A Were obtained from NMR.

Table il. Composition and Molecular Weight of Graft Copolymers VIII-L and VIII-D

Sample Mn Mw | Wonsa/Weia
VIII-L | 111825 208087 1.63
Vili-D 143023 274840 1.47
[0087] ‘As now can be understood, thermopiastic PLA polymers can be

convehiently toughened in a relatively simple process by blending melts of PLA of
‘one enantiomer and a gfaft copolymer of an elastomer and a PLA of the opposite
enantiomer. It is expected that PLA stereocomplexes formed in the resulting
composition can link the thermoplastic chains to the elastomeric chains, thus
reducing the brittleness of the resulting composition as compared to a pure PLA

polymer.

[0088] .  Itwill be understood that any range of values herein is intended to
speciﬁcal_ly include any intermediate value or sub-range within the given range, and
all such intermediate values and sub-ranges are individually and specifically

disclosed.

[0089] It will also be understood that the word “a” or “an” is intended to
mean “one or more” or “at least one”, and any singular form is intended to include -

plurals herein.

[0090] It will be further understood that the term “comprise”, including.any
variation thereof, is intended to be open-ended and means “include, but not limited

to,” unless otherwise specifically indicated to the contrary.

[0091] When a list of items is given herein with an “or” before the last item,
any one of the listed items or any suitable combination of two or more of the listed

items may be selected and used.
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Of course, the above described embodiments are intended to be illustrative only
and in no way limiting. The described embodiments-are susceptible to many
modifications of form, arrangement of parts, details and order of operation. The

invention, rather, is intended to encompass all such modification within its scope, as
defined by the claims.: '
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WHAT IS CLAIMED IS: -
1. A composition, comprising:

a thermoplastic polymer comprising a first enantiomer of lactic acid;

a graft copolymer comprising an elastomeric backbone and a side chain

grafted to said backbone, said side chain comprising a second enantiomer of

-——-——lactic-acid;-said-first-and-second enantiomers-having-opposite-chiral

| configurations,

wherein said graft copolymer is selected and linked to said thermoplastic
p_olymer by said first and second enantiomers of lactic acid so that said

composition is thermoplastic and less brittle than said thermoplastic polymer.
2. A composition, comprising:

a thermoplastic polymer comprising a first enantiomer of lactic acid,

a graft copolymer comprising an elastomeric backbone and a side chain
grafted to said backbone, said side chain comprising a second enantiomer of
lactic acid, said first and second enantiomers having opposite chiral

configurations;

wherein said first and second enantiomers form a stereocomplex linking said

thermoplastic polymer and said graft copolymer.

3. The composition of claim 1 or claim 2, wherein said backbone of said gréft

copolymer comprises polyacrylate.

4. The combosition of any one of claims 1 to 3, wherein said side chain is grafted
to said backbone of said graft copolymer through a hydroxy-functionalized

acrylate group.

- 5. The composition of any one of claims 1 to 4, comprising about 1 to about 20

wt% of said graft copolymer.

6. The composition of any one of claims 1 to 5, wherein said thermoplastic polymer
has a number average molecular weight (Mn) of about 20,000 to about 500,000
- g/mol, said elastomeric backbone of said graft copolymer has an Mn of about
E 50,000 to about 500,000 g/mol, and said side chain of said graft copolymer has
an Mn of about 2,000 to about 50, 000 g/mol
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7. The composition of any one of claims 1 to 6, wherein said thermoplastic polymer

comprises 100 to 5000 repeating units of said first enantiomer of lactic acid.

8. The composition of any one of claims 1 to 7, having a percentage of elongation
~at break of about 23% to about 30%.

9. A method of formlng the composmon of any one of clalms 1 to 8, comprising:

—melting a first precursor for the thermoplastic polymer;
melting a second precursor for the graft copolymer;

mixing said first and second precursors in a mixture at a temperature above
melting temperatures of the thermoplastic polymer and the graft copolymer
to link said thermoplastic polymer and said graft copolymer by the first and

second enantiomers of lactic acid.
10.The method of claim 9, wherein said mixture is heated to about 180 °C.

11.The method of claim 9 or claim 10, comprising copolymerizing a monomer for
said backbone and acrylate-terminated polylactic acid of said second

enantiomer to form said second precursor.

12.The method of claim 9 or claim 10, comprising providing a copolymer precursor
for said backbone, and reacting a lactic acid with said copolymer precursor for

said backbone to graft a side chain comprising an acrylate-terminated polylactic

~ acid from said copolymer precursor for said backbone, thus forming said second

precursor for said graft copolymer.

13.A method of reducing brittleness of a thermoplastic material, said method
comprising:
melting a first thermoplastic material comprising a polymer formed of a first

enantiomer of lactic acid;

melting a graft copolymer, said graft copolymer comprising an elastomeric
backbone and a side chain grafted to said backbone, said side chain

comprising a second enantiomer of lactic acid;

mtxing said melted first thermoplastic material with said melted graft

Copolymer for a sufficient time to allow said first and second enantiomers of -

21



WO 2011/129771 PCT/SG2011/000146

lactic acid to react and link said polymer in said first thermoplastic material to

said graft copolymer, to form a second thermoplastic material; and

solidifying said second thermoplastic material to form a thermoplastic

material that is less brittle than séid first thermoplastic material.
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