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Experimental Procedures

S1 Materials

(Ly and (D) -hydroxybutyric acid (Sigrdaf RNA OKZ X dT ®/E: 0 ¢ SaNdD,DyacdR (Corliion Rusad) Svarepbritey 6 [ = [
recrystallization in toluene (15 ml per 20 g lactide) at 100°C prior to polymerization. Commercial acidic zBelite(HBEA) (Clariant,

Si/Al = 12.5 and 75) was used after calcination. Toluene (Acros Organics, 99%§®éheoFischer Scientific9®), acetonitrile (Acros
hNBFYAOQO&AS Xphddiz 0 RASGKEt SGKSNI 6! ONRP& h NHI y AIBLCY, chiprdfésin (AZros LIS (i N.
Organics, >99.8%), methanol (Acros Organics, 99.9%), tetrahydrofuran (Biosolve, unstabilizefrwhtb(SigmaAldrich, 100%, 99.96

atom% D, 0.03% (v/v) TMS) and DMBB(SigmaAldrich, 100%, 99.96 atom% D, 0.03% (v/v) TMS ) were used as purchased.-Tin(ll) 2
ethylhexanoate (Sigmaldrich, 92.5100.0%) was purified and dried by vacuum distillaticdodecanol (Sigm&ldrich, 98.0%) was used

as received. Toluene used to dissolve polymerization catalyst and initiator was purified and dried by a-80B Sét&nt purification

system (MBRAUN).

S2 Methods

S2.1Synthesis and purification of diethylglycolide

In a typical reaction, 0.01 mol of {loy (D} -hydroxybutyric acid and 0.5 g ofBta zeolite (Si/Al=75) are added to a round bottom flask.
Then 20 mL ob-xylene and a magnetic stirring bar are added. On top of the round bottom flask, a custom maaesetiker/solvent

reflux trap is installed, filled beforehand withxylene. This setup is connected to a condenser, and heated in an oil bath at 170 °C. The
mixture is stirred for 3 hours. After reaction, the mixture is homogenized by addition of 15 adetonitrile. After homogenization, the
zeolite is removed by filtration over a glass frit filter under vacuum. After the first filtration, the catalyst is rirtbegnather 10 mL of
acetonitrile. 1 mL is taken from the reaction mixture, dried and yred by'H-NMR.

After reaction and removal of solvents by evaporation under reduced pressur@r ({D)}" -hydroxybutyric acid is separated from the
linear oligomers and (LA9r (D,Djethylglycolide by liquidiquid extraction in toluenavater (1:1). Aler collection of the toluene phase
and solvent evaporation, a minimal amount of diethyl ether is added to dissolve the product. The solution is cedletlCain a bath of

dry ice in acetonitrile, and petroleum ether is added dropwise until crystabizatccurs. Ethylglycolide appears as colorless crystals which
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are collected by filtration over a glass frit filter and dried under vacuum. The crystallization procedure is repeated unidzNA & 2 F  x
is obtained based ofH-NMR.

1H NMR (400 MHz,\B80): 5.315.26 (2H, t), 2.071.69 (4H, m), 0.97 (6H, 1).
13C NMR (400 MHz, DMSO): 168.29, 76.49, 22.95, 9.18.

S2.Ringopening polymerization

Solventfree ringopening polymerizations (ROP) is carried out in sealed, custade roundbottom flasks dried 2160 °C. In a typical
experiment, a desired amount of monomer is added to the flask in an oxyggehmoisture free environment. A solution of stannous
octoate in toluene as catalyst (monomer:catalyst = 2500:1) adddecanol as initiator (70 mol% of thetalyst) are added to the
monomer. The solvent is removed in vacuo, and the flask is immersed in an oil bath at 170 °C for 70 minutes. After gmyibeza
flask is cooled, and the polymer is dissolved in chloroform. A sample is taken, dried itrmggmflow and analyzed by NMR to determine
monomer conversion. The synthesized polymers are separated from the remaining monomers and oligomers via precipitati@mol,met
filtered, and dried under reduced pressure.

S2.3yclic ester and polymer charadtation

1H and*GNMRspectra are recorded in DMSda (SigmaAldrich) or CDg(SigmaAldrich) on a Bruker Avance 400 MHz spectrometer with
a BBI 5 mm probe.

Gel permeation chromatographyGPC) is performed using a Shimadz1QA&D chromatograph liquid pump and GT@A column oven
and a RIELOA refractive index detector. Separation is performed on an Agiléml®m 5 pm (mixed) with a 1 mL ritrflow of THF at

40 °C. Polystyrene standaraee used for calibration. The Mw of the samples is corrected with Magkdzg A y 1 Qa O2 y®A) vy i a
[,

Chiral gas chromatographfc-GC) is used to determine the stereochemistry of the cyclic ester monomers, separating L,L; D,D and L,D
enantiomers. Separation is performed on a Hewlet Packard 6890 with a chiral 25 m Agilent WCOT fusedXilies{CREX CB capillary

column. Thecoluyi KIF & 'y AYGiSNYyLtt RAIFYSGSNI 2F ndow YY YR I FALY GKAC
350°C. The temperature of the injection port was set at 220°C. The initial column temperature is kept at 50°C for 2 méhiges a
subsequenty ramped to 200°C at a heating rate of 15°C-haind held at this temperature for 3 minutes.

Thermogravimetric analysiéTGA) is performed on the polymer powders, heating them from 0 to 400 °C at a rate of 101@hdenN
or O; atmosphere using aG@A Q500 (TA Instruments).

Method Log:

1: Select Gas: 1 or 2

2: Data storage: On

3: Ramp 10.00°C/min to 400.00°C
4: Isothermal for 1.00 min

5: End of method

Differential scanning calorimetryDSC) experiments are performed with a DSC Q2000 (TA Instrurbgmig)ling between 0 and 220 °C
at heating/cooling rates of 10 °C miinnder N atmosphere:

Method Log:

: External event: On

: Equilibrate at 0.00°C

: Ramp 10.00°C/min to 220.00°C
: Mark end of cycle 1

: Ramp 10.00°C/min to 0.00°C

: Mark end otycle 2

: Ramp 10.00°C/min to 220.00°C
: Mark end of cycle 3

: Ramp 10.00°C/min to 40.00°C
10: End of method

OO ~NOOUITAWNPREP
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X-Ray Powder Diffraction (PXRD¥ray diffractograms of the polymer materials were obtained bsa)X powder diffraction on a high
throughput STOE STADI P Combi diffractometer in the transmission mode with focusing Ge(111) monochebihac XA yf SG 06 S|
mdpnnc )X [/ dz Yh &2dz2NOSO P

S2.Rheometry

Rheological measurements are performed on a stagintrolled Rheometrics ARES (TA Instruments) rataticheometer.
S2.4.1 Small Amplitude Oscillatory Shear

Small amplitude oscillatory shear (SAOS) measurements are carried out using a parallel plpté8setm diameter) on an AresMelts
rheometer, surrounded with a convection oven, purged with N2 gas to nueimolymer degradation during testing. Prior to rheology
measurements, polymer samples are compression molded with a Colline Presse 200 E plate press at a temperature of Tra+10°C and
pressure of 50 bar into discs of 8 mm diameter and a thickness of JAfien plate pressing, the polymer discs are vacuum dried overnight

at 80°C and subsequently measured.

First, dynamic time sweep measurements are performed to verify the thermal stability of the polymer samples under thetegiplied
method. The changes loss and storage modulus are determined in time at an angular frequency of 10%ad strain amplitude of 1 %

and a temperature of 185°C during 300 s. Secondly, strain sweep tests are performed by varying the strain amplitude betarebn 0

10 % to @termine the linear viscoelastic regime of the polymer materials. Frequency sweep measurements are carried out at 185 °C with
dynamic frequencies ranging from 0.1 to 100 rafl at a strain amplitude of-10 %. Consecutively, rate sweep tests are performed
applying shear rates between 0.01 and-1.sAt each shear rate a waiting time of 30 s is installed to guarantee steady state, while a
measuring time of 10 s is applied.

S2.4.2 Extensional Viscosity Fixture

Extensional flow properties of the polymers are detared using an Extensional Viscosity Fixture (EVHgpseh an AresMelts rheometer.
Extensional viscosities are measured in st@ntrolled stretch experiments with a Hencky strain of 3.4 at 185°C undeatrdsphere.

The polymer samples are compressimolded into rectangular plates of 18.0 mm long, 10.0 mm (x 0.10 mm) wide and 0.80 (+ 0.05 mm)
thick at a temperature of Tm+10 °C. Prior to stretch measurements the plates are dried at 80°C overnight. The experiotecoal pr
consists of three steps. Dag the first step a pratretch with a stretch rate of 0.0075 $s performed on the polymers to compensate for
thermal expansion during heating. Before fsteetch a delay time of 50.0 s is applied to ensure the polymer samples are completely
molten. The prestretch is followed by a relaxation step of 5.0 s to remove residual stress in the sample before the actual stretch
measurement is performed. Finally, the stretch measurement takes place at a constant Hencky strain rate.

S2.4.3 Hauloff

To determine theextensional properties of the polymer melts a Géttfert 2002 capillary rheometer is used in combination with@fHaul
apparatus. The polymer material is added to the barrel of the capillary rheometer at 185°C. To create molten polymeitiseranels js
pushed out of the barrel by a piston with a diameter of 12 mm through a die of 2 mm at a piston speed of 0.85Thmmolten strands
are attached to the Hawoff apparatus which spins up the molten strands on a wheel, rotating at @ffidpeed of D0 mm <. The speed

is linearly increased at an acceleration of 0.12 nirtilsthe polymer melt breaks.

Results and Discussion

S3 Catalytic cyclic ester synthesis

To verify the applicability of the orgtep zeolite procedure for the synthesis of otlsgmmetric cyclic ester dimers in addition to lactide

(LD) from lactic acid (LA) (R=GFEhydroxy acids with a differentR K I A y  Rayboniviré scieened: glycolic acid (GA) @Rfielding

iKS 0e0f A0 RAXSWNEEROAAHBRIREGECHIZE R AS T RAY I RA S GKKEER Nt ERaON24f 2A0RIK] SONTAL
HIBA) (R=R=CH), converting to tetramethylglycolide (TMG). In addition, asymmetric cyclic esters were synthesizedmmensation

2F £ I O0 A-BydrbxgbiityRic dciyf @tly hesulting in methylethylglycolide. Analyses were done according to Dussehérf? and

the methods and materials used can be consulted above.
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(a) oH Tablesl Entry 1and 2 (d) H HJ\OH Table §1 Entry 3 T
H
H Dusseller etal OH
Loctic acid Lactlde Glycolic acid Glycolnde
' o o Table S1 Entry
Table S1 Entry 4-11 ‘ (e) 12 and 13
- able ntry 4- _
(b) OH —’V € OH
H o o H

a-Hydroxybutyric acid Ethylglycolide o-Hydroxyisobutyric acid Tetramethylglycolide

(c) Tables2 IOI\

Methylethylglycolide

Fig.SL Representation of all examined cyclic ester synthesis reactions.

¢KS addzRASR NBI Ol A 2hydroXy agidRcbnveérstol” and thdi dgic eStér Wiklds ofthe symmetric cyclic esters are
represented inTable 3. The conversion of-LA to (L,L:Jactide (LLD) in the presence of the Brgnsted acidic zeolite Beta/f8iOs= 25)
(HBEA 25) was used as a benchmark (Table S1, erittyApplying the same conditions to a reaction with GA gave only 4% of G at full
conversion (entry 3), compared #8% of LLD. Under these reaction conditions, linear oligomerization is favored over ring closure.

Similar cyclic ester yields were attained with-hydroxybutyric acid ¢ -HBA) (entry 5), i.e. 5% (L-dthylglycolide ((EG), but conversions

were low andbarely outperforming the blank reaction (entry 4). The meagre reaction outcome at 130°C in toluene indicates a lower
reactivity of h -HBA than {LA, suggesting the need for higher reaction temperatures and thus higgiing point solvents. These findja

were confirmed by using ethylbenzene (entry 6) ard/ene (entry 7), increasing substrate conversion aifblyields up to 76%. Besides

the reaction temperature, the type of-BEA catalyst shows some impact. In the presenceREA (SigAl,0s=150) the reaction proceeds

both faster and more selective towards the cyclic dimer (88%) (entry 8). As it was already proven in LA reactioEwii25) that ring
closure to LD determines the reaction rdé it is unlikely that the improved reaction efficiency &f {HBA conversion with4BEA (150)

is due to improved molecular diffusion in the pores. Besides thg/Ai0; ratio, other zeolite characteristics such as particle size, surface
area may as well play a role but were not further investigated as the goal was achieved to obtainctighster yields. TheHG yield is
further enhanced to 94% by using distillei {HBA (entry 9).

Ly O2y (N} ald @IA.GIKZ SNHHEAHoR BIRMNBnversion is slower and less selective in forming cyclic esters, in presence

of both type d HBEA catalysts (entry 10 and 11). A statistical mixture of the L,LaBdlL,D diastereomers was achieved (chiral GC
analysis: 25.5%EG, 25.6% BG, 48.9% L;BG). Similar low cyclic ester yields were obtained wathLA (entry 2), but with a hign

selectivity to themesoform (yield = 60%d -IhL . I = KIF Ay 3 (62 YSiKea f-caddn i &n aghid rdoleéule bndl i 1 O K
f A THBAAC4 (fourcarbol)dzo A G NI 1S® | 26 SOSNE A lGa NBHBAAKe@d30 Ractiod mxYlazdK 170°€ ¢ S NJ
with HBEA 150), only 13% of the monomer is converted with the formation of 3% of tetramethylglycolide (TMG) (entry 12). Evidence for
GKS RAFTFAOAZ G F2NXIFGAZ2Y 27F ¢ a DHIBANS chdBedic lout hiR 5% t7 TMENSnty dH. NB I QG A2y

Table3.{ @8y iKSaAra 2F &eéYYShyldx@ecidde Ot A0 SaGSNE FTNRBY h

Catalyst Toil bath Time xa Yield
entry Monomer (SIQ/AILOs) Solvent (°C) (h) (%) (%)
1c L-LA H-BEA (25) toluene 130 3 98 78
2 rac-LA H-BEA (25) toluene 130 3 91 55
3 GA H-BEA (25) toluene 130 3 98 4
4 L-h-HBA - toluene 130 3 18 5
5 L-h-HBA H-BEA (25) toluene 130 3 22 5
6 L-h-HBA H-BEA (25) ethylbenzene 160 3 48 20
7 L-h-HBA H-BEA (25) o-xylene 170 3 96 76
8 L-h-HBA H-BEA (150) o-xylene 170 3 98 88
9 L-h -HBA* H-BEA(150) o-xylene 170 3 99 94
10 rach-HBA H-BEA (25) o-xylene 170 3 66 25
11 rach-HBA H-BEA (150) o-xylene 170 3 86 56
12 h-HIBA H-BEA (150) o-xylene 170 3 13 3
13 h-HIBA H-BEA (150) o-xylene 170 16 84 5
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¥ 2y @P@SNEAZY Aad Ol -OWatitl $pécRanddetérBined #NMRLLYidld cyclic estersResult also reported in ref. 1
(our lab).

The abovementioned results already revealed some reactivity differences between the different substrated GALI . | -H/EA b

in presence of a heterogeneous catalyst. To clarify this, the inherent activity of the four compounds was comparéuesatee reaction
conditions, without adding a catalyst. Blank reactions were performed in toluene at an oil bath temperature of 130°Cridrl@Aand

in o-xylene at 170°C forfL-l . ! I-W1BA Fily. 2 clearly indicates a conversion (and thus reactivity) decline with increasing steric
KAYRNI yOS 27T (K $ositidn bféhé aciBsKGANsyfribre tedictivél tKad LAY which is more reactive 4H8#, even with the
fFGGSNI O2YLIRdzyR 0SAy3a NBFEOGSR +id St S@FGSR S YLSBA Sudgeding Slowery
ALRyYyGlIyS2dza O2yRSyal GA2ya gdaibdas. Grizooild expect Bat legattie subsrates dralergp sldivezd S
oligomerizations and thus tend to form smaller products and favoringaiogure. To verify this, reactions ofttl . ! I-HIBA were
performed in presence of a soluble acid catalyst (sulphuric acid). Both reactiottedesiufull monomer conversion but yielded less than
5% EG and TMG, showing the need of skeglective catalysts such as zeolite Beta.

So
R

P
~" “OH
H]
100 OH
2
= 80 ° . .
! i,
¢ 60 H\OH g oH - oH
C
S H H OH
5 40
£
Q
5 20
E .—_;
0
GA LA o-HBA o-HIBA

Fig.2 Conversion of the different (@24}h -hydroxy acids. (A) GA and LA: Reaction conditions: 0.5 g monomer, 10 mL toluene, 130°C, 3h.
0.4 .N I-HfBA: 0h5 g monomer, 10 mixglene, 170°C, 3h.

Another advantage of the zeolidgased process is the abilityp prepare asymmetric cyclic esters in high yields with preferred
stereochemistry. Starting fromlLA and 0 -HBA, for example, will result inLID, LEEG and the (L 1¢nantiomer of the asymmetric cyclic

ester methylethylglycolide (MEG). The ability tmcorporate both symmetric and asymmetric cyclic esters into lactideatpmers is very
interesting, allowing polymers with a different iteration of side groups having a specific enantioselectivity to be sgdth€sz
polymerization of tLD with EEG @/es high molecular weight heterotactic polymers with a 2:1 iteration of side groups, whereas switching
to the asymmetric iMEG, one will end up with polymers having a single interruption of ethyl groups.

Cocondensation reactions of-LA and " -HBA weresuccessfully accomplished starting from different monomer ratios, reaching high
total cyclic ester yields up to 86%aple ). Independent of the mono® NJ NJ i AHBA, & Btati§ticaldistribution of cyclic ester
products is formed. Hence, if a 90:10 ratibA: ' -HBA is used, 84%LID and 15%-MEG is formed, along with a negligible amount-of L
EG. A 1:1 ratio results in 50% e¥IEG and 25% of eadhomodimer.

Table R { 8y GKSaAE 2F | aeYYSydeydidsOe Ot A0 SaGSNE FNRY

Distribution (%)

Catalyst X1 Xz YCE total
M1;M2 M1:M2 (SIQ/AI:05) %) (%) (%) LD MEG EG
L-LA ; Eh-HBA 95:5 H-BEA (25) 96 99 83 90 9 <1
L-LA ; Eh-HBA 90:10 H-BEA (25) 96 99 86 84 15 <1
L-LA ; B -HBA 50:50 H-BEA (25) - - 86 22 42 21

Diethylglycolide is further purified prior to rirgpening polymerization. After catalytic reaction, the cyclic esters are separated from the
linear oligomers and unreacted monomer by toluemater extraction to obtain an EG purity of 98.0% and an enargiicrexcess (e.e.)

2T bpdcrd 9 LIRNI GA2Y 2F GKS 2NHIFYAO LKIFA&S 41 & 7T2ft(HeemmBétibp e ON
1H-NMR) was obtained, as a high purity of the monomer and the absence of water in the regstiem sire keys to efficaciously obtaining

high moleculatweight polyesters. A process flow from feedstock to purified ethylglycolide is displafFegl$8. It was very hard to purify
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and isolate pure MEG from the mixed-condensation reaction products, although this molecule would be highly interesting from a
copolymerization point of view.

L-EG

Purity: 99.8% .
ee=100% Isolated yield = 48 % /\)Lo
Purified EG \VH\/
o.
A Crystallization

O

Purity: 98.0%
e.e=99.6%

Organic phase

Purity: 94.0% A Solvent extraction
e.e=99.6%

Chains COOH-end m OH-end Reaction mixture

L-a-HBA &\ Catalysis o
A_,M(; Feedstock /\[)k OH

T T T T T T OH
5 4 ppm

Fig. 3 Process flow from feedstodk-"-HBA) to purified ethylglycolide (EG), with the correspondindNMR spectra (400 MHz, dmso
de).

S4 (Co}polymer synthesis

Diverse cepolymers of Lor Dlactide were synthesized with a small incorporation-aiiiD-LD, or Lor D-EG up to 10 mol%. Thehemical
structures are depicted iRig.$4 supplemented with a schematic structure of the polymer backbones.

-t 00 O Y T

L-LD Co-monomers DO-LD P(D-LD)

A U I I T
s f A 0 A ol

P(L-LD-co-L-EG) P(D-LD-co-L-EG)
o o o o} o ° 9 o o o
~ O~ m " D-EG ~ N
P(L-LD-co-D-EG) P(D-LD-co-D-EG)

Fig.$4 Representation of the chemical and schematic structures of all synthesizeolymers.

ThelH-NMR spectrum (400MHz, CE)QIf a cepolymerization reaction of-LD and {EG, resulting in a polymer containing 106G is
illustrated inFig.$6. Thefigurerepresents the spectra before and after precipitation of the polyméePIl(lA andHPEG), dissolved in CEICI
in methanol to remove residual monomeratalyst and initiator.
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v L-PEG CH,CH, L-PEG
(A) (A)

JI:LPITE CH, L-LD
_Jj\‘ LEG (g CH, CH, L-EG ol
T T T T T T T T T -
52 50 48 15 10

Fig.5 H-NMR spectrum (400 MHz, CEB)@If (A) the polymer after precipitation in methanol (B) of the reaction mixture afterapening
co-polymerization of LD and {EG. Left = methine protons; Rightnethyl protons.

NMR spectra (A§ig.S5

1H-NMR (400 MHz, CD¢1 5.235.11 (1H, q,4PLA), 5.0%.01 (1H, m,{PEG), 2.09.87 (2H, m,4PEG), 1.641.52 (3H, d,{PLA), 1.09.99
(3H, t, ELPEG)

13GNMR (600 MHz, CD§1 169.6 (EPLA), 169-1.69.0 (LPEG), 73.6 (PEG), 69.0 {PLA), 24.4 (PEG), 16.7 {PLA), 9.19 (PEG)

Table 8 summarizes the results of ROP of LD with variounicnomers. Buildn percentages of the monomers (determined #{*fNMR

(400 MHz, CDg}las well as the weigkaverage molecular weights (Mkg mol?) and polydispersity (D) of the polymers are shown. The
build-in percentages are average values of the methyl and methine protons, if both were sufficiently vistbBl MR spectra. The M

values were determined by GPC analysis with polystyrearedsirds and corrected by Matk2 dzég A y | Qa4 ORLAR Ndteyfhiata T2 N
the same MarkHouwink correction is used as an estimate for alled@ht copolymers. The Mvalues vary between 95.1 and 174 kg/mol

and the polydispersity indices lie between 1.3 and 1.9.
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Table 8. Results of cgolymerization of L(Blactide with G, L(Blactide or L(DEG by ringppening polymerization

Average buildin % GPC
Entry Polymer LD Comonomer Mw (kg mot?) D
1 P(LLD) 1 100 / 144 15
2 P(LLD) 2 100 / 135 17
3 P(LLD) 3 100 / 113 1.6
4 P(LLD) 4 100 / 112 1.6
5 P(LLD) 5 100 / 143 15
6 P(DLD) 1 100 / 110 1.8
7 P(DLD) 2 100 / 117 17
8 P(L:LDco-D-LD) 90* 10* 128 17
9 P(LLDco-L-EG) 1 91.0 9.0 147 1.6
10 P(LLDco-L-EG) 2 94.9 5.1 95.1 1.9
11 P(LLDco-L-EG) 3 99.3 0.7 133 14
12 89.7 10.3 101 14
13 98.8 1.2 115 17
14 99.9 1.1 143 1.6
15 99.9 11 110 17
16 99.1 0.9 131 1.6
17 99.3 0.7 139 1.6
18 99.3 0.7 174 14
19 98.6 0.4 128 1.8
20 P(DLDco-D-EG) 1 99.4 0.6 142 1.6
21 P(DLDcoL-EG) 1 89.5 10.5 131 1.7
22 P(DLDco-L-EG) 2 95.9 4.1 129 17
23 P(DLDco-L-EG) 3 98.0 2.0 149 13
24 P(DLDcoL-EG) 4 98.7 1.3 147 14
25 P(BDLDcoL-EG) 5 98.8 1.2 118 17
26 P(DLDco-L-EG) 6 99.2 0.8 134 17
27 P(DLDco-L-EG) 7 99.3 0.7 128 15
28 P(DLDco-L-EG) 8 99.4 0.6 144 15
29 P(BDLDco-L-EG) 9 99.7 0.3 129 1.6
Large scale reactions (8000g)
30 PLLD 6 100 / 106 1.6
31 98.8 1.2 119 1.9
Commercial grade PLA (NatureWorks)
32 PLA Ingeo 7001D 100 / 83.3 15

*Added amounts before reaction, difference betweeand BLD is not visible oiH-NMR

S4.1Polymerization kinetics

To determine the possible degree of randomness of thealymers the monomer conversions of LD and EG ipatgmerizations were
determined over time byH-NMR (400 MHz, CIDifferent samples were taking from a stock solution containing the desirediais

of LD, EG, Sn(Og{jnonomer:catalyst = 560000:1) and rdodecanol (initiator:catalyst = 0.7:1) in dry toluene and added to flainied
vials. Solvent was evaporated under a nitrogen flow and vials were heated at 170°C for different amount{bbtie5, 10, 15, 30, 45
and 60 min.). Reactions were quenched by immediately cooling the vials in an ice bath after polymerizatiorm®heroer ratio (EG:LD)
and monomer:catalyst ratio (m:c) were determined H&NMR before polymerization (time = fin). Monomer conversions are
determined by integrating monomer and corresponding polymer signal3HoNMR for both monomers separately. The data of the
experiments can be consulted Trable 8 andFig. 6.
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Table 4. Summary of kinetic experiments: -©oonomer combination and ratio, and monomer:catalyst ratio (m:c)

Run Monomers mol% EG m:c
at time = 0 min (*H-NMR)
(HNMR)
1 (L,ULD + (L,EEG 0.9 704
2 (L,ULD + (L,EEG 1.1 909
3 (D,DILD + (L,EEG 0.5 1041
4 (D,DILD + (L,LEG 1.0 489
100 100
< 9 f Run1 s 9% Run2
= 80 ° < 80 °
g 70 ® I S 70
g 60 ° g 60 ¢ °
§ 50 ® g 50 °
o 40 ¢ o 40
£ 30 I E 20 e
- [e]
5 0% ¢ (oo 2 2 ) (LL)-LD
= q0 (L,L)- = 10 ° (L,L)-EG
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Fig.S5 Monomer conversion (%) over 60 minutes of ROP of-(IDLgnd (L,LkEG or (D,B)LD and (L,kFEG for Run-# as described in Table
S4.

Although reactions differ slightly in amount of catalyst anehoanomer ratio, it can be clearly seen that the conversiohLD and EG only
differ to a small extent at the beginning of polymerization, while near the end of polymerization differences increase.

S5 Thermal Analysis

Thermal properties of the epolymers were analyzed by Thermal Gravimetric Analysis (TGA) botte©, and N atmosphere and by
Differential Scanning Calorimetry (DSC).

DSC is used to determine the melt temperaturg, (TC), glass transition temperaturgZT ¢/ 0 I Yy R RS INBS T 2allesONE 4 i
are determined from the DSC heating cycles (cycle 1 or 3) aralubs are determined by analyzing the DSC cooling cycles (cycle 2 or 4).

.cis estimated by using the following formula: v y_ wp Tt yudorepresents theenthalpy of melting for a PLA sample with
h P

100% crystallinity, equal to 93.0 J& n I represents the enthalpy of melting of the measured sample determined from the heating
cycles (cycle 1 or 3). TGA is used to determine the maximum wlegghtate temperature ¢fay under both @ and N. The data are
depicted inTable S.
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Table S. Thermal properties of theo-polymers determined by DSC and TGA

DSC TGA
Entry POlymer Tm (OC) Tg (OC) ‘c (%) Tmax (02) (OC) Tmax (NZ) (OC)
1 P(-LD) 1 178 55 44 334 293
2 P(L-LD) 2 177 58 46 338 297
3 P(L-LD) 3 179 58 37 340 291
4 P(L-LD) 4 180 58 40 345 318
5 P(-LD) 5 181 57 42 318 300
6 P(DLD) 1 180 58 49 297 322
7 P(DLD) 2 179 567 44 330 330
8 P(l-LDco-D-LD) - 534 - 340 323
9 P(:LDcol-EG) 1 148 43 19 318 311
10 P(:LDcoL-EG) 2 163 48 34 318 297
11 P(:LDcoL-EG) 3 177 54 42 334 320
12 127 46 6 310 298
13 169 56 25 327 299
14 178 58 43 353 313
15 172 57 28 322 297
16 171 57 26 313 301
17 170 54 28 327 310
18 170 59 27 333 309
19 165 57 26 324 304
20 P(DLDco-D-EG) 1 170 56 27 329 321
21 P(DLDcoL-EG) 1 118 45 7 322 316
22 P(DLDcoL-EG) 2 154 55 19 357 291
23 P(DLDco-L-EG) 3 160 57 11 337 323
24 P(DLDcoL-EG) 4 162 58 24 352 308
25 P(DLDcoL-EG) 5 171 56 25 350 309
26 P(DLDcoL-EG) 6 172 59 28 341 314
27 P(DLDcoL-EG) 7 172 59 28 338 298
28 P(DLDco-L-EG) 8 175 58 35 312 303
29 P(DLDcoL-EG) 9 177 56 39 326 304
Large scale reactions
30 P(-LD) 6 177 52 34 331 289
31 170 59 29 350 355
Commercial grade PLA (NatureWorks)
32 | PLA Ingeo 7001D 149 58 1 375 317

Raw DSC and TGA data of a selection effalymers with high builin percentage EG are representedig.S7 and Fig.SB respectively.

exo
—

P(D-LD)
& P(L-LD)
P(L-LD-co-L-EG) 5%

P(D-LD-co-L-EG) 4%

Heat flow (W/g)

f—— P(L-LD-co-L-EG) 9%

P(D-LD-co-L-EG) 10%

endo

0 50 100 150 200 2580
Temperature (°C)

Fig.S7 DSC data of P{DD), PALD), PALDco-L-EG) 9 and 5%-&G), P(LDco-L-EG) 10 and 4% BG and P(LDco-D-EG) 10% EG.

Fig.S7 clearly shows a decrease in Tm and Tg with addition of EG -itDp(&r P(ELD). PALDco-L-EG) polymers show a less strong
decrease in #than P(BLDco-L-EG) or PA_.Dco-D-EG) with a comparable amount of EGreonomer added to the cpolymers. It can

11



SUPPORTING INFORMATION

0S8 4SSy G(KIFG ONradlftftAyAaGe asSSya (2 RS GNilamde pionoiirked bhldsRifadsiich)y
Crystallinity seems to be stronger affected inpmymers where LD and EG exhibit opposite chirality.
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Fig.8 Raw TGA data of P{ID), PALD), PALDco-L-EG) 9 and 5%-&G), P(LDco-L-EG) 10 and 4%-BG and P(LDco-D-EG) 10% EG
measured under N2 ((A) and (B)) and under O2 ((C) and (D)) atmosphere.

Fig. B illustrates that differences in thermal degradation behavior between the variougobgmers are rather limited, whereby the
temperatures of maximal weight lossak) lays between 289 and 3%5 under BMand between 297 and 353°C under. Mo clear trend is
observed for fiaxbased on cepolymer composition. According to Yin and BdKethe onset of decomposition of substituted polylactides,
such as poly(diethylglycolide) shifts to higher temperaturefiwitreasing size of the substituents both underaNd Q. This is due to
the lower volatility of monomers with larger substituents, created during polymer breakdown, and does not necessarily Imglzar a
stability. This effect is not clearly observed fhe synthesized cpolymers and could be due to differences iR One could expect
polymers with higher Ms to exhibit a higher thermal stabilits}.

S6 XRD results

Xray diffractogramsf a selection of (cQpolymers are exhibited iRig.3. The typical XRD pattern of PLA can be recognized with peaks
around 14.9, 16.9, 19.1 and 22.2giees.

Addition of EG in high amounts seems to decrease crystallinity (larger amorphous hump) of PLA. This effect seems mostgionoun
polymers with opposite chiral nature of LD and EG-(BXto-D-EG) and PARDco-L-EG)). No clearly visible new reftons are seen in
these diffractograms, indicating the likely absence of other crystal structures.
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P(L-LD)
P(L-LD-co-L-EG) 9%

T

,q__,.["",'.“h@'h:'u:‘Q'Mh“

Fig. XRD results of a selection of {gwlymers (PALD), PALDco-L-EG) with 9 and 5%EG, PALDco-D-EG with 10% of BG and P(D
LDco-L-EG) with 10%-EG).

S7 Melt Rheology

S7.1Shear rheology

The flow behavior of the polylactide gmlymers is examined undehasar deformation. The viscous and elastic response of the materials
under shear strain are studied by strain controlled Small Amplitude Oscillatory Shear (SAOS) rhebosraadl.sinusoidal shear strain

¢ r OBTO)is applied on the polyesters and thesultant stress response ( , OET0 1 ) of the material is measured. This
measurement determines the modulus of complex viscasity' F y0 X GKS &0G2N} 38 6DQU Y2Rdz dza | yR
NI RAFE FTNBIdSyOe oradsioo $KES 2ya ORdn FIGKRYMMNI (8 G GKS AydSNESOGA
NBLINSaSydGa GKS NBfIFIEFGAZY GAYS 2N GKS GAYS ySOSaal N¥relakafiodd (K S
time and thus the smiter the oscillation rate at cros® @ S NJthé more elastic the material.

TheCarreay I & dzRI Y2RSf A& dzASR G2 FAG GKS SELISNAYSyGlt REGL,ie&F GKS
the plateau shear viscosity at infinijdow shear rates. The Carredasuda model is represented by the following equatien:  —

- - p TI_
Table 8 represents the complex viscosity at 0.1 réfs i KS Ol yORIZA (KIS R 9'$ NU DWNER [ Eor dil gopolyMesQ 6 .
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Table . Complex viscosity at 0.1 radS o' Y R

£ DSANR F & D) detekminBdbyBAAS nieasurements

Entry Polymer |"*| (Pas)at0.1 'o(Pas) . ¢(rad sb)

rad st
1 P(LLD) 1 6787 7358 84.0
2 P(LLD) 2 8806 9655 62.9
3 P(LLD) 3 1988 2082 > 100
4 P(LLD) 4 18 752 20 858 45.0
5 P(LLD) 5 22 697 25008 36.8
6 P(DLD) 1 13188 14 453 62.2
7 P(DLD) 2 11011 12121 84.5
8 P(L:LDco-D-LD) 4730 4844 > 100
9 P(LLDco-L-EG) 1 7460 8343 74.8
10 P(LLDco-L-EG) 2 4956 5164 > 100
11 P(LLDco-L-EG) 3 18403 23 053 46.7
12 14 973 15212 80.4
13 97 424 143 302 7.83
14 27 026 34 829 317
15 59 433 87 906 14.7
16 26 155 28 684 37.2
17 27 922 33914 32.1
18 57 908 83 863 16.2
19 43 341 54 834 24.3
20 P(BDLDco-D-EG) 1 24 475 27 839 32.7
21 P(DLDcoL-EG) 1 56 115 71783 19.1
22 P(DLDco-L-EG) 2 65 615 108 235 8.17
23 P(DLDcoL-EG) 3 15 601 17 290 51.0
24 P(DLDco-L-EG) 4 27 847 33514 29.6
25 P(DLDco-L-EG) 5 26 844 33310 24.3
26 P(DLDco-L-EG) 6 53 847 85 664 14.8
27 P(DLDcoL-EG) 7 119 072 191 124 6.64
28 P(DLDcoL-EG) 8 24934 29 137 33.2
29 P(BDLDco-L-EG) 9 11108 22 919 76.6
Large scale reactions
30 P(LLD) 6 6833 7060 > 100
31 13894 14750 55.9
Commercial grade PLA (NatureWorks)
32 | PLA Ingeo 7001 D 5173 5850 > 100
Average values P{LD) and P(ELD)

11258 12324 >71.9

The raw frequency sweep and rate sweep data of a selection of polymers is represehiglo.

P(L-LD)(DLD)

S7.1.1 P(l:LD) and P(R.D)

(stdev = 6786)

(stdev = 7585)

SAOS results of all synthesizedHp) and P(I.D) samples and PLA Ingeo 7001D (NatureWorks) are represerigdlid. Shear viscosity

and elasticity of the selinade polymers are comparable, but slightly higher than the values for Ingeo 7001D, most probably due to the
lower My, of the commercial material. The averagemplex viscosity at 0.1 rad and the average zero shear viscosity of alls®fie P(L

LD) and P(IbD) polymers are calculated to be 238 Pa s (standard deviation = 6786 Pa s) argR42Pa s (standard deviation = 7585) for

an average Mof 122.5 kgnol! (Table S6). The average complex viscosity and error bars are indic&igdsi0 A and B.
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rate sweep)C) elastic modulus (@&nd (D) viscous modulus@@xs(a function of angular frequendy. (@r strain rate') for all synthesized

P(:LD) and P(LD) polymers.

synthesized P¢{LD)s and PADD)s combined (error bars orayis at 0.1 rady

S7.1.2 P(:LDcoL-EG), P(RLDco-D-EG) and PELDco-D-LD)

Fig SIINSLINB A Sy i &

and error bars at 0.1 radlsin (A) and (B) indicate the average value and standard tiexviaf all

iKS O2YLX SE @A & 02 & A-Hoymersyohtaibing EG ghik LDDMQhe Rdmé ¢hiragtyt

Data are compared to P{ID) 2 (comparable with average value for-Efl) and P(ILD)) and P{LDco-D-LD). A clear improvenm in
viscosity and elasticity is noticed in RRco-L-EG) 3 (0.7%EG) and P@DBco-D-EG) 1 (0.6%-BG), while P(LDco-L-EG) 1 (9%-EG)
and 2 (5%4EG) exhibit slightly decreased values compared td_Pjl2. Nevertheless, the values of-Bico-L-EG) 1 and 2 are within the
standard variation range of R{D) and P(ID), while PEALDco-L-EG) 3 and P{DDco-D-EG) 1 exhibit values a bit above this standard
variation range. This might indicate that-polymers of EG and LD with the same chiraligyrn certain cases slightly improve viscosity

and elasticity but to a limited extend.
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rate sweep) (C) elastic moduluscgand (D) viscous modulus@@sta function of angular frequendy. (@r strain rate') for all synthesized
P(l-:LDcoL-EG) and PADco-D-EG) cepolymers compared to P{LD) 2 and P{LDco-D-LD).

S7.1.3 P(:LDco-D-EG) and®(DLDco-L-EG)

FigSl2exhibis KS DWW | yR DWW @I fdzSa NBLINB&ASYGSR 2y GKS alyY$S 3aNI LKAOIf
highlight the visual crossver of both moduli as a representation of melt elasticity in additiothi®. . (rad s1) values in Table 1 (see
paper manuscript).

Fig.8andFigANB LINBa Sy i (KS NI g O2YLX SE @A a 02 a rliDeoDEG)RA) @R PEWDE-LBE Q R i
(SH) copolymers. Data are compared to R(D) 2 (comparable with a\ege value for P(LD) and P(ILD)).

Fig. 58 K 2 6 & ol (yKRXata of these polymers compared to R(D) 2, P(.D) 2 and PLA Ingeo 7001D.

First ofall, it can be noticed that all egolymers exhibit improved shear viscosities and elasticities compared 4R (2 (and PEDD) 2
and PLA Ingeo 7001D). The values from mogtadpmers are observed to be above the standard deviation range dfP)(land(BLD),
except for PALDco-D-EG) 1 (10 %-BG), P(LDco-L-EG) 3 (2%-EG) and 9 (0.3%HG). Some small variations could be attributed to
some small differences in . Nevertheless, very strong improvements in melt properties are seen fulR&D-EG) 2 (1.2%-BG) and

4 (1.0% EEG) and for PADDco-L-EG) 1 (10%-EG), 2 (4%-EG), 6 (0.8%-EG) and 7 (0.7%HG), which are not attributable to /4.
Although no clear correlation exists between the amount of EG added and the viscosity and glaftioit materials, these results are
reproducible in different samples and strengthen the presumption of a-stetingth improving effect of EG with opposite chirality on
poly(lactide).
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S7.1.4 Mark-Houwink correction for differences in Mw

To make sure the viscoelastic effects related to the differeppalgmers are not fully attributable to the variations in Mw, a Mé&tlkuwink
correction is applied tot the calculated zero shear viscosities shown in Table 1. For this correction the following $ausada i

s +0

0D o8
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All zero shear vissity data are corrected toward viscosities at @ &f 125 kg mot, being the average Mw of all polymers involved. The
corrected zero shear viscosities are depicte&ipnS®B® b2GS GKIFG +Fa 'y SaldAYlGS {KSpoinesS oI ¢

1000000 +

100000 +

10000 +

Ny (Pa s) at 125 kg mol-!

D GG LGN GGG OGN
N O O (O (O o@o(oofo PO
QQQN, QY

Fig.S16 Corrected o values (at 125 kg m#é) of the cepolymers shown in Table 1 for their variations in by means of the Markiouwink
equation for PLA

S7.1.5 Temperature gradient test (shear)

DQ YR DQQ G AyONBlIaAy3a GSYLISNI i ddNIl afdN@olymewsyoflb and BE Withiicorpomatipr / &
of about 10 mol% EG. With this test the presence of (stereocomplex) crystalline structures with a melting point alBGvgill235°C)
(normal measurement temperature) could be detected. If shear viscosities are influenced by these crystallites, one wotidsiquen
decrease in shear viscosity and elasticity when their melting point is surpassed. As can beFsg&iinno sudden decreasing trends

are observed within this temperature range, decreasing the likelihood of stereocomplex crystallites withingblmer structures.
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Fig.ST7 G' and G" at increasing temperature (18@80°C) for P(LD) 1, PALDco-L-EG), PALDco-D-EG) and PADDco-L-EG)
containing 10 mol% of emonomer.

S7.ZExtensional viscosity fixture (EVF)

To be able to measure polymer melt properties under extension&brd®tion polymerization reactions were scaled up to 100 g. A
polymer of pure tLD (P(LD) 6) and a epolymer of LLD and 1.2 mol%-BG (PALDco-D-EG 9) were synthesized and their melt properties

under extensional deformation were determined by extemsl viscosity fixture measurements and compared to a commercial PLA

A YLX S oLy3aS2 tnnwm5% bl Gdz2NB22N] a0 RS&EAIAYSR F2NI Ay QsfQhe theegr & (i NI
samples are determined at different Hencky strainesaf0.1, 0.5, 1, 3.5 and compared to each other. Extensional viscosity data are
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compared to the shear viscosity data (step rate) at low shear rates (@)@Bustiplied by a factor three, as explained by the Trouton ratio
0el' o) (see total averagdata below).

It can be seen that P{LD) and PLA Ingeo 7001 exhibit very comparable values, whildDe@D-EG) clearly shows higher extensional
viscosities (about four times higher).

1 PLAIngeo 7001D (NatureWorks)
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SUPPORTING INFORMATION
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