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ABSTRACT. As the need for renewable and degradable alternative plastics grows, efforts
have been made to develop biobased polymer architectures with tunable properties. We developed
the synthesis of a new, biobased, and degradable graft copolymer using a grafting-through
approach. A one-pot strategy was developed for the synthesis of telechelic poly(L-lactide) (PLLA)
with a polymerizable lactone group at one chain end. Using mild conditions, the lactone
functionalized polymer was obtained after three steps. Conditions were optimized and complete
conversion was reached in each step. The polyesters were characterized by 'H and '3C nuclear
magnetic resonance (NMR) spectroscopies, size exclusion chromatography (SEC), and matrix
assisted laser desorption ionization - time of flight (MALDI-TOF) mass spectrometry. The
macromonomers were then copolymerized with y-methyl-e-caprolactone (YMCL) to prepare fully
aliphatic polyester graft copolymers. Using optimized conditions, a series of graft copolymers with
graft length, backbone length and graft density variations were analyzed by NMR spectroscopy,
SEC, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Mechanical
properties were also evaluated, and the corresponding structure-property relationships were
studied. Materials with highly tunable mechanical properties were obtained. One of the graft
polymers with 30 wt% PLLA showed impressive elastomeric behavior with about 17 MPa stress at
break and 1400 % strain at break, and a residual strain at 25 % after the 2" cycle and 40 % after
the 10™ cycle. This study opens the door to the use of ring opening transesterification

polymerization (ROTEP) for the synthesis of new fully biobased graft copolymers.



Introduction

The production and disposal of plastics that find myriad uses in our everyday lives, is still
challenged with environmental problems that include the use of finite fossil starting materials and
their common disposal in landfills. In 2019, about 368 million metric tons (Mt) of plastic were
produced.! Despite growing efforts for a more sustainable world, only 3.8 Mt, or about 1 %, were
biobased polymers.? There is still a need for sustainable polymers that are more competitive with
commercial plastics from both economic and material properties perspectives. As new polymer
architectures are developed, the 12 principles of green chemistry are important tools in the design
and development of novel polymerization strategies, e.g., atom economy, solvent use and the mode
of polymerization catalysis considerations.?#

Thermoplastic elastomers (TPEs) combine the properties of elastomeric rubbers at room
temperature and those of reprocessable and recyclable thermoplastics when heated.> To achieve
these properties, typical TPEs contain two types of polymers, a glassy or semi-crystalline one (A)
and a rubbery one (B). They can be arranged in an ABA triblock architecture with polystyrene (PS)
as the A block and polyisoprene (PI) as the B block, for example.® TPEs have also been reported
with graft architectures, B-g-A. For example, PI-g-PS, or polyisoprene chains decorated with PS
grafts, materials exhibit “superelasticity”, meaning they are characterized by high strains at break
(up to 1400 % in that example) and a low residual strains, owing to a long PI backbone and high
grafting density of PS chains.” Graft copolymers can be obtained using grafting-to, grafting-from
and grafting-through methods. The grafting-through method offers control over the graft length,
simplicity and versatility. Indeed, to enable a grafting-through approach, distinct chemistries have
been used for the copolymerization of the macromonomer® with common examples being by atom
transfer radical polymerization’ or ring-opening metathesis polymerization.!®!!2 Only few
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examples of the use of ring opening transesterification polymerization (ROTEP) for the grafting-
through copolymerization of a lactone-containing macromonomer have been reported; two relevant
examples reported about two decades ago are: poly(e-caprolactone)-g-poly(methylmethacrylate)'
and poly(e-caprolactone)-g-poly(ethylene oxide).!*

Efforts to incorporate in more biobased components in TPEs have been reported, and in many of
those, poly(L-lactide) (PLLA) was used as a semi-crystalline, hard (A) block. PLLA is an appealing
polymer as it can be biodegradable under appropriate conditions and can be obtained from
renewable resources such as corn or sugar beets."” For those reasons, PLLA has been used in TPEs
because of its properties resembling those of polystyrene.!® Specifically, graft polymers containing
semi-crystalline PLLA have been reported with PLLA as the graft: polybutadiene-g-PLLA,"-8
poly(y-glutamic acid)-g-polylactide,' poly[n-butyl (meth)acrylate-g-lactic acid]s.** With the graft
being a copolymer: polybutadiene-g-(1,3-trimethylene carbonate-b-LLA), (PB-g-(TMC-b-LLA),
PB-g-(LLA-ran-TMC), PB-g-(LLA-grad-TMC)" poly[(n-butyl acrylate)-co-(2-hydroxyethyl
acrylate)]-g-poly[(e-decalactone)-b-(LLA)]*? and poly[(styrene-alt-N-hydroxyethylmaleimide)-
stat-(styrene-alt-N-ethylmaleimide)]-g-poly[(y-methyl-e-caprolactone)-b-lactide]. In this last
example, the microphase separated graft copolymers with P(YMCL)-b-PLA side chains, containing
20 wt% of rubbery poly(y-methyl-e-caprolactone) (P(yYMCL)), showed delayed aging compared to
pure PLA (which embrittled in less than 2 days), remaining ductile after 210 days at ambient
conditions.” Also, PLLA has been grafted onto different types of materials: graphene oxide,*?
lignin,* chitosan,?’2* chitin,?® cellulose nanofibers* and cellulose acetate.’'*> Examples of graft
polymers with PLLA as the backbone have also been studied.** However, few examples of fully
biobased synthetic copolymers with PLLA as the graft have been reported. One example is poly([3-
myrcene)-g-poly(L-lactide) which showed a high stress at break, but with low strains at break
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(<110 %).3*% We were thus interested in the synthesis of a fully biobased, compostable, aliphatic
polyester graft TPEs with competitive elastomeric properties.

v-Methyl-e-caprolactone (YMCL) has been used as a soft block in TPEs, for example in
triblocks* and star polymers with PLLA% end blocks which have shown very promising
mechanical properties. YMCL can be synthesized from p-cresol which can be derived from lignin.
Lundberg et al. reported a techno-economic study for its manufacture based on a two-step process
leading to a reasonable cost estimate.*® From a recent respirometry and cell viability study on
YMCL and LLA copolymers, poly(y-methyl-e-caprolactone) (P(YMCL)) was shown to be
compostable under industrial conditions.** For those reasons, P(YMCL) is a good candidate to be
used as a graft copolymer backbone. In this work, we report the one-pot synthesis of a PLLA
macromonomer with a lactone as one chain-end and its copolymerization with YMCL by ROTEP.
Numerous graft copolymers were synthesized using this new approach with different backbone
lengths, graft densities and graft lengths, and the effects of these structural changes on thermal and

mechanical properties were studied.

Experimental Section

Materials. 4-hydroxycyclohexanone (purchased from Crysdot) and 4-
(hydroxymethyl)cyclohexanone (purchased from Millipore Sigma) were dried over molecular
sieves and distilled three times, put through three freeze-pump-thaw cycles and stored in the
glovebox. L-Lactide was provided by Altasorb (a subsidiary of Ortec, Inc.). It was recrystallized
three times in toluene, dried, and stored in the glovebox freezer. 1,8-Diazabicyclo[5.4.0]Jundec-7-
ene, diphenyl phosphate, and benzyl alcohol were purchased from Millipore Sigma, stored in the
glovebox under nitrogen and used as received. Acetic anhydride and acetic acid were purchased
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from Fisher Scientific and used without further purification. Meta-chloroperoxybenzoic acid
(purchased from Millipore Sigma) was stored in the freezer and used as received. y-Methyl-e-
caprolactone was synthesized following literature procedure *® dried over calcium hydride, distilled
3 times, and put through three freeze-pump-thaw cycles before being stored in a glovebox.
Cyclopentyl methyl ether (purchased from Millipore Sigma) was used without further purification
under argon. Dichloromethane, tetrahydrofuran, and toluene were dried through a drying column
purification system from JC Meyer and degassed through three freeze-pump-thaw cycles and were
then stored in the glovebox.

Nuclear Magnetic Resonance (NMR) Spectroscopy. NMR spectra were collected on a
Bruker Avance III 500 spectrometer operating at 500 MHz and samples were dissolved in CDCls.

Size Exclusion Chromatography (SEC). Mass-average molar mass, number-average molar
mass, and molar mass dispersity were measured using an Agilent1100 series liquid chromatography
instrument. Experiments were performed with three Phenomenex Phenogel-5 columns aligned in
series with THF as the mobile phase or three Varian PLgel Mixed C Columns with chloroform as
the mobile phase. A Wyatt Technology DAWN DSP MALLS detector and a Wyatt opt lab EX RI
S11 detector were used to collect the chromatograms for the THF experiments and an HP1047A
refractive index detector for the chloroform experiments. The dn/dc values were estimated with an
“in-line” method that uses the total area of the RI signal for samples of a known concentration and
assumes 100 % of the sample mass is recovered.

MALDI-TOF Mass Spectrometry. Matrix assisted laser desorption/ionization spectra were
obtained using an AB Sciex 5800 MALDI TOF/TOF system, equipped with two-stage time of
flight (TOF) analysis and an Opti-Beam™ on-axis Nd:YAG laser. All spectra were collected in
positive ion and reflector operating modes. Sample spot preparation was as follows. A 20 mg/mL
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solution in THF of trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) matrix and a 1 mg/mL solution in THF of potassium trifluoroacetate (KTFA) or lithium
bromide positive ion salt were mixed 10:1, respectively, to prepare a stock matrix:salt solution. A
2 mg/mL polymer solution was prepared separately in THF. A 1 pLL volume of the matrix:salt stock
solution was pulled into a 10 pL syringe, followed by 0.5 pL of the prepared polymer solution. The
1.5 pL matrix/salt/polymer solution was hand-spotted onto a MALDI sample plate and air dried
before analysis.

Thermogravimetric Analysis (TGA). Thermogravimetric analysis was performed on a TA
Instruments Q500 Analyzer at a heating rate of 10 °C/min from room temperature to 550 °C under
nitrogen atmosphere.

Differential Scanning Calorimetry (DSC). Differential scanning calorimetry was performed
on a TA Instrument Q-1000. Experiments were performed using hermetically sealed aluminum
pans. The T, was estimated as the midpoint of the thermal transition in the curve of the second
heating ramp at 5 °C/min, which was calculated using the instrument’s TRIOS software.

Dog-bone preparation for tensile testing. Samples were placed between two Teflon sheets
and melt-pressed (Wabash MPI Hydraulic Presse, Model G50H-19) at 180 °C for 8 min (first 3
min at 500 tons, then 5 min at 3000 tons) then quenched to room temperature using water cooling
(~35 °C/min) through the hot press. After aging the samples for 24 h, dog-bone-shaped tensile bars
were punched out, resulting in samples with approximately 0.5 mm thickness, 3 mm gauge width,
and 16 mm gauge length.

Tensile Testing. Samples were tested to the point of break using Shimadzu Autograph AGS-
X Tensile Tester and an extension rate of 50 mm/min. For hysteresis experiments, samples were

tested for 10 cycles of 300 % strain at 50 mm/min.



Small-Angle X-Ray Scattering. Experiments were conducted at the DuPont-Northwestern
Dow Collaborative Access Team (DND-CAT) synchrotron research center 5-ID-D beamline of
Advanced Photon Source at Argonne National Laboratory.

Representative macromonomer synthesis. In a glovebox, 4-(hydroxymethyl)cyclohexanone
(192 mg, 1.5 mmol, 1 eq.), L-lactide (15 g, 104 mmol, 69.4 eq.), DBU (10 xL, 0.069 mmol, 0.05
eq.) and 21 mL of dichloromethane were place in a Schlenk tube. The reaction mixture was sealed
and stirred outside the glovebox at room temperature. After 10 min, an excess of acetic acid was
added to stop the polymerization. Volatiles were removed under vacuum. Acetic anhydride (1.4
mL, 15 mmol, 10 eq.) was added and the reaction mixture was stirred at 135 °C. The reaction was
cooled downed to room temperature after 30 min and subjected to reduced pressure to remove
volatiles. Dichloromethane (10 mL) was added to dissolve the mixture. A solution of meta-
chloroperbenzoic acid (1.35 g, 7.8 mmol, 4 eq.) in 20 mL of dichloromethane (previously dried
over magnesium sulfate) was then added and the reaction was stirred at room temperature. After
10 h, the crude mixture was precipitated once into methanol and twice into hexane to yield the
purified polymer as a white powder. '"H NMR (500 MHz, CDCl;, 6 ppm): 5.16 (q, 152.4 H, -
OCHC=0), 4.33 and 4.18 (m, 2 H, OCH,CH), 4.03 (m, 2 H, OCH,CH,), 2.74 and 2.62 (m, 2 H,
CH,CH,CO),2.12 (s, 3 H, CH;CO), 1.98 (m, 5 H, CHCH,CH, and CH,CHCH,), 1.58 (d, 463.1 H,
CH;CH). 3C NMR (125 MHz, CDCl;, § ppm): 176.2 (COCH,), 170.2 (COCHj3), 169.7 (OCCH),
69.1 (CHCH;), 68.5 (CH,CH,O), 67.2 (CHCH,O), 39.7 (CHCH,), 32.8 (CH,CO), 32.2
(OCH,CH,CH), 24.8 (OCCH,CH,CH), 20.8 (CH5CO), 16.8 (CH;CH)

Representative grafting-through synthesis of P(yMCL)-g-P(LLA). In a glovebox, Y-
methyl-e-caprolactone (2.1 g, 16.4 mmol, 1858 eq.), PLLA macromonomer (11,100 g/mol, 900
mg, 0.083 mmol, 9.4 eq.), benzyl alcohol (0.92 xL, 0.0088 mmol, 1 eq.), diphenyl phosphate (41

8



mg,0.16 mmol, 18.7 eq.) and 6 mL of toluene were placed in a Schlenk tube. The vessel was sealed
and removed from the glovebox where the reaction mixture was stirred at 100 °C. After 10 h, the
polymerization was stopped with excess triethylamine. The crude mixture was precipitated once
into methanol and twice into hexane to yield the purified graft polymer as a white solid. 'TH NMR
(500 MHz, C¢Ds, 6 ppm): 5.02 (q, 505.1 H, -OCHCO), 4.08 (m, 1258 H, -OCH,CH.), 3.46 (m, 2
H,HOCH,),2.18 (m, 1274 H, CH,CO), 1.66 (m, 646 H, OCCH,CH,), 1.52 (m, 575 H, OCH,CH,),
1.44 (m, 1071 H, OCCH,CH, and CH,CH), 1.32 (d, 1381 H, OCHCHs), 1.29 (m, OCH,CH,), 0.75
(d, 1867 H, CH,CHCH;)."*C NMR (125 MHz, C¢Ds, 0 ppm): 173.0 (COCH,), 169.9 (COCH), 69 .4
(CHCO), 62.6 (CH,0), 35.6 (CH,CH,0), 32.1 (CH,CH,CO), 32.0 (CH,CO), 29.8 (CHCH,), 19.1

(CH;CHCH,), 16.5 (CH;CHO)

Results and Discussion

Macromonomer synthesis and characterization

To synthesize a telechelic polyester with a lactone as a chain-end, we used the following
strategy: first the ROTEP of L-lactide was initiated by a hydroxy-containing cyclic ketone. Then
acetic anhydride was used to end-cap the terminal -OH end group of PLLA to prohibit it from
reacting in the next step and during the grafting-through ROTEP. Post-polymerization
functionalization was then accomplished by oxidation of the ketone chain-end to the corresponding
lactone. We explored methods to realize these three steps in a one-pot process to reduce solvent

waste, time, energy and in a more economical manner (Figure 1).
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Figure 1. L-lactide macromonomer synthetic strategy.

The polymerization of L-lactide was first performed using a highly-active organocatalyst, 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU),* with 4-(hydroxymethyl)cyclohexanone as the initiator.
The second step is the addition of acetic anhydride, whose reaction with the hydroxy chain-end
releases acetic acid, which deactivates the DBU and thus stops the polymerization. The oxidation
was performed using meta-chloroperoxybenzoic acid (mCPBA),* 42434445 which is highly efficient
for Bayer-Villiger reactions on 6-member ring ketones.*

The steps were studied in concentrated solutions (to minimize the use of solvent) of different
solvents. First, as previously reported,* under bulk conditions, the racemization of PLLA was
problematic as it impacts the mechanical and thermal properties of the future grafts (

Table 1, entry 1). However, the acetylation step in bulk conditions, and with excess of acetic
anhydride, reached complete conversion after only 30 min. Using dichloromethane, the
polymerization was quite efficient, and no racemization could be observed by 'H nuclear magnetic
resonance (NMR). When the acetylation was performed at reflux in the polymerization mixture,

the low boiling point of dichloromethane (i.e., the temperature of the reaction) resulted in poor
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reactivity, and some hydroxyl end-groups were still present after two days at reflux. However, the
following oxidation step was complete after 10 h (

Table 1, entry 2). To reduce the reaction time required for complete acetylation of the hydroxyl
end-groups, higher boiling point solvents were tested. THF performed well for the polymerization,
and showed better reactivity for the acetylation step, but was not an optimal solvent for the
oxidation (

Table 1, entry 3). Toluene was very efficient for the acetylation, but the polymerization had
to be performed at 70 °C to achieve an L-lactide at same level of concentration (5 M) than with
dichloromethane. Racemization was observed, and THF was also a poor solvent for the oxidation
step (

Table 1, entry 4). Cyclopentyl methyl ether (CPME) was then investigated as it is a green
alternative to dichloromethane*’ and has a boiling point of 106 °C. L-lactide displayed poor
solubility in CPME, even at 70 °C, more diluted conditions were thus used, giving high yields for
both the polymerization and acetylation (at 50 °C) but poor activity for oxidation (

Table 1, entry 5 and 6).

Dichloromethane thus seemed the best choice for the polymerization and oxidation steps, but
a higher temperature was required for an efficient acetylation. As such, the polymerization was first
performed in dichloromethane, acetic acid was then added to stop the reaction, and volatiles (which
could theoretically be recycled) were removed under reduced pressure. An excess of acetic
anhydride, enough for the polymer to dissolve once heated, was added to the reaction mixture,
which was then heated to 135 °C, leading to complete acetylation of the chain-ends after 30 min.
Volatiles were again removed under reduced pressure and dichloromethane and mCPBA were
added for the last step, which gave complete oxidation of the ketone after 10 h (
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Table 1, entry 7). Taking the advantages of the polymerization in a solvent and the bulk

acetylation, this strategy allowed the isolation of the purified telechelic PLLA macromonomer in

three steps in less than 24 h, with complete conversion after each step, using a relatively small

amount of recoverable and recyclable solvent and byproducts (i.e., acetic acid and excess acetic

anhydride).

Table 1. One-pot poly(L-lactide) macromonomer synthesis optimization?

... a 1 . d 1 s 1. e
Polymerization I Acetylation I Oxidation
Tim : : Con
Entr Solven Conc. Temp e EOHV Rac.” . Temp Tim gonv | c Tim EOHV
y t M) .(C) (min %) ° 1.0 eh) (%! (M) eh) . (%)
) | ;
1 8f 135 20 >99 Yes ; 135 05 >99 , 3¢ 10 >99
1 1
2 CH;CI 5 r.t. 5 >99 No | 40 48 90 | 3 10 >99
1 1
3 THF 5 50 30 >99 No | 66 24 95 | 4 96 57
1 1
4 TOIC“en 5 70 10 >99 Yes ! 110 05 >99 ! 3 48 50
1 1
5 CPME 5 70 10 >99 Yes , 106 05 >99 | 1 96 55
6 CPME 1 50 120 90 No 1 106 1 9 109 48 31
g CHCL r.t. 5 >99 No | 135 05 >99:35 10 >99

2

%0.5 mol% DBU, 70 eq. of LLA per initiator. "Determined by 'H NMR spectroscopy. ‘Racemization
of PLLA. One-pot addition of 2 eq. of acetic anhydride at reflux. °*One-pot addition of 4 eq.
mCPBA in solution at room temperature. ‘Estimated using the density of L-lactide.
¢Dichloromethane was used to dissolve mCPBA."Volatiles were evaporated between each step.
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The macromonomers were characterized by 'H NMR spectroscopy after polymerization,
acetylation, and oxidation. We observed the complete disappearance of the original characteristic
signals of the chain-end, and we were able to assign signals corresponding to the lactone chain-end
from the spectrum of the purified macromonomer as detailed in Figure S4. Each step was also
analyzed by size exclusion chromatography (SEC), and we observed that no change in apparent
molar mass of the products had occurred after each of the post-polymerization functionalization

steps (Figure 2).
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Figure 2. SEC spectra (chloroform as the eluent, RI detection). for each step of the one-pot L-
lactide macromonomer synthesis (a) polymerization, top: M, = 11,400 g/mol, M,, = 13,200 g/mol,
M,/M, = 1.2; b) acetylation, middle: M, = 11,400 g/mol, M,, = 13,200 g/mol, M,/M, = 1.2 ¢)

oxidation, bottom: M, = 11,400 g/mol, M,, = 13,200 g/mol, M,/M, = 1.2).

Matrix assisted laser desorption ionization - time of flight (MALDI-TOF) mass spectrometry
experiments corroborated the success of each chain-end modification. Also, absolute masses of the
products were confirmed; for example, the theoretical mass for the macromonomer with 16 lactide
repeating units and the acetate and lactone chain-ends is 2497.8 g/mol and the observed mass from

the MALDI-TOF spectrum is 2497 .4 g/mol (Figure 3 and Figure S5).
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Figure 3. MALDI-TOF spectra using reflectron mode, of each step of the one-pot L-lactide
macromonomer synthesis (a) polymerization b) acetylation c) oxidation), of zoomed-in area from
2400 to 2550 m/z (DCTB, LiBr). Calculations of the theoretical masses for n = 16 with a Li* ion

are shown. Signals of polymers with Na* and K* ions from impurities were also observed.

PLLA macromonomers with molar masses ranging from 3 to 14 kg/mol were obtained with good

control over the polymerization and complete conversion for the chain-end functionalization steps

(
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Table 2, Figure S6), and were used for the grafting-through copolymerization with YMCL.

Table 2. Macromonomer synthesized of different molar masses®

Entry M, e (g/mol) M, nmr®(g/mol) M, sgcTuris® (g/mol) M /M., sec thrLs

1 2,300 2,900 3,000 1.3
2 6,000 7,100 7,900 1.2
3 10,200 11,100 11,300 1.2
4 11,800 14,000 13,800 1.2

sSynthesized from the optimized one-pot strategy °Determined by 'H NMR spectroscopy
¢Calculated from THF SEC, 25 °C, light scattering detection.

Grafting-through copolymerization

When we first studied the optimization of the grafting-through process, a different
macromonomer than the one described above was used; one synthesized with 4-
hydroxycyclohexanone as the initiator (m=0, Scheme 1). However, using this macromonomer led
to its intramolecular transesterification during grafting-through ROTEP (mechanism and details
can be found in Figures S9-11), as previously identified in small molecule studies.*® The
intramolecular transesterification leads to a higher percentage of free (unincorporated) PLLA, and
thus prevents a good control of the copolymerization. We characterized the level of free PLLA
macromonomer in each sample as estimated by SEC analysis with light scattering detection. To
overcome this problem, 4-(hydroxymethyl)cyclohexanone was used (as described above) to
increase the distance between the two ester bonds and thus reduce the likelihood of intramolecular

transesterification (m = 1, Scheme 1). Comparing the grafting-through polymerizations from these
15



two macromonomers clearly showed the elimination of intramolecular transesterification in the
case of the m = 1 macromonomer (Table 3, entries 1-3 and Figure S12). Indeed, no residual
macromonomer (or anything at the same elution volume) was observed at high conversion by SEC
(Table 3, entry 3). We thus posit that all the lactone-end functionalized macromonomer was

incorporated into the graft copolymer in that example.

Pl O

O

DPP
Toluene, 100°C

o}
@o%%ﬁaﬁw&y
T,

O

o

Scheme 1. Graft copolymer (P(yYMCL)-g-PLLA) synthesis.

For the grafting-through polymerization we chose diphenyl phosphate (DPP) as the
polymerization catalyst given its established reactivity in YMCL ROTEP* and poor reactivity
towards lactide polymerization. This difference in reactivity helps to mitigate transesterification
between the growing P(YMCL) chains and the PLLLA macromonomer repeat units or PLLA grafts.
Indeed, using tin octanoate or titanium isopropoxide as catalysts resulted in transesterification as
determined by SEC analysis. Using other common organocatalysts, such as 1,5,7-

Triazabicyclo[4.4.0]dec-5-ene (which is highly active for LLA polymerization but is less active for
16



caprolactone polymerization), 37 would likely lead to transesterification of the PLLA chain prior
to incorporation of the macromonomer and YMCL.

The grafting conditions were optimized through exploration of different temperatures, initiator
loadings and concentrations (Table 3). A grafting-through copolymerization was performed at 135
°C with an initial monomer concentration of 2.5 M, after 9 h a polymer of 140 kg/mol (calculated
by NMR spectroscopy) was obtained (Table 3, entry 3). The SEC data revealed a shoulder in the
distribution at high molar mass, likely due to undesired transesterification. Under the same
conditions but with a smaller amount of initiator, a higher theoretical value was targeted, however,
the copolymer molar mass was not impacted (Table 3, entry 4). Other conditions were investigated
to find the right equilibrium between a good reactivity and avoiding transesterification, and thus to
have more control over the copolymerization. A reaction temperature of 100 °C was found to be,
all things considered, most efficient to achieve polymers close to the theoretical molar mass and
gave higher levels of incorporation of the macromonomer into the graft copolymer (Table 3, entries
5-8 and Figure 4). Conditions with a lower concentration did not result in better control (higher
free PLLA contents, lower molar masses) of the copolymerization, even at high conversion (Table
3, entries 9-10 and Figure S13). Despite the optimization, the experimental molar masses of the
resultant graft copolymers are about half of the theoretical values, and this can be explained by
limitations associated with the catalyst (regarding the turnover number) and by incomplete
incorporation of PLLLA macromonomer in some cases, especially for high PLLA loadings.
Nonetheless, the molar masses were high (some higher than for PLLA-b-P(yYMCL)-b-PLLA
triblocks),* and the most control and the highest graft/chain ratios were observed using 100 °C and
2.5 M initial monomer concentration, and thus these conditions were used for the balance of the
study.
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Table 3. Optimization of the grafting-through ROTEP*

Entry m Conc.’ Ti:mp Time  Conv.mct® Mo W% Flzieee Wt%C ) M, nvr® gral.fti/d M, sectirist  Mu/MyY, sec

M) °C) (h) (%) (kg/mol)  PLLA% PLLA“  (kg/mol) chain® (kg/mol) THF LS
1 0 25 135 6 99 343 14 17 51 1.0 96 1.5
2 1 25 135 7.5 69 270 12 19 208 74 153 1.8
3 1 25 135 9 95 328 0 28 140 44 120 19
4 1 25 135 8 75 569 13 20 116 4.5 134 1.8
5 1 25 135 10 90 317 12 33 101 2.1 99 1.5
6 1 25 120 8 96 336 11 33 85 1.9 106 14
7 1 25 100 21 98 340 5.6 30 180 4.1 161 1.6
8 1 25 80 28 95 329 9 30 91 1.9 149 1.6
9 1 1 100 28 87 303 11 33 58 1.3 80 1.3
10 1 1 100 48 93 324 7.5 30 96 2.1 131 1.5

*With macromonomers of approximately 10 kg/mol, a starting a weight mixture of PLLA/PMCL of 30/70, with 1 mol% DPP in toluene.
"Initial concentrations of monomers in toluene. ‘Determined by '"H NMR spectroscopy. ‘Calculated from THF SEC, 25 °C, light scattering
detected. “‘Unreacted macromonomer quantifiable on the SEC data of the pure copolymer.
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Macromonomer
80°C
100°C
120°C
s 135°C

15 20 25
elution volume (mL)

Figure 4. SEC data (THF as the eluant, RI detection) for the product graft copolymers synthesized

at different temperatures (Table 3, entries 5-8).

To understand the grafting-through copolymerization statistics, we studied the kinetics of the
copolymerization. Unfortunately, with the m = 1 macromonomer we were unable to determine the
conversion of the macromonomer by 'H NMR spectroscopy because of overlapping signals
corresponding to CH, in a position to an oxygen atom. However, using the m = 0 macromonomer,
some characteristic signals of the lactone chain-end of the macromonomer were identifiable. The
reactivity ratio following the BSL non-terminal model were calculated for a copolymerization with
30 % PLLA macromonomer (m =0, M, = 10,200 g/mol), I'nacromonomer = 1.74 £ 0.25, rymer. = 0.71 +
0.07; I'macromonomer X Tymer, = 1.23 +0.21 (Figures S14 and S15).%! These results indicate a near-random
structure for the graft copolymers but with a slight gradient. Interestingly, our data suggest a higher
reactivity ratio for the macromonomer as compared to the YMCL under these conditions. We
assume that m = 0 and m = 1 macromonomer have similar copolymerization behavior as their

chemical structures are similar.
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Four m = 1 macromonomer samples were used in the synthesis of a library of copolymers of
different backbone length, graft density (the number of repeat units from the macromonomer for
every 100 repeating units in the graft backbone) and PLLA content (Table S1). The graft
copolymers we prepared were named as follow: P(YMCL),-g,-P(LLA),, where x is the average
number of YMCL repeating units in the backbone, y is the average number of PLLA grafts along
the backbone and z the average number of PLLA repeating units per graft. The dispersity of all the
graft copolymers ranged from about 1.3 to 1.9, and the molar masses ranged from 46 to 165 kg/mol.
The free PLLA percentages are mostly below 10 wt% except for reactions with a very high
macromonomer feed (> 80 wt%). The higher the molar mass of the macromonomer, the more
lactone terminated PLLA (referred in the tables as “free PLLA”) was not incorporated in the graft
copolymers. This result indicates that, with higher molar mass macromonomers, the graft
copolymers may have more of a gradient structure, with the macromonomer having somewhat
lower reactivity at the higher targeted and realized molar masses.

Thermal and mechanical properties

To understand the structure-property relationships in the graft copolymers, we studied the impact
of graft length, fraction of PLLA, backbone length and graft density on the thermal and tensile
properties (Table 4). The degradation temperatures (7uc 5%), defined here as the temperature at 5 %
mass loss in the sample, ranged from 330-354 °C (Figure S16). Those are comparable to P(YMCL)
degradation temperature (~350 °C)* but higher than those reported for PLLA (~290 °C).5? This
observation is consistent with previous reports that showed the end-capping of the alcohol chain-
end by acetic anhydride stabilizes PLLA toward thermal degradation.>*>* For most copolymers,
differential scanning calorimetry (DSC) analysis showed two glass transition temperatures (7,),

around the 7, of PLLA (46 °C) and P(YMCL) (-58 °C) consistent with microphase separation of
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these components (Figure S17). For copolymers with a PLLA content of 79 wt% and higher, only
one 7T, (= 29 °C) was observed, probably due to the low P(YMCL) content.

From the DSC measurements, percent PLLA crystallinity (%C) was calculated. The level of
PLLA crystallinity was not clearly correlated with other parameters. The small-angle X-ray
scattering (SAXS) data for the graft copolymer P(YMCL);35-g5.1-P(LLA ). were also acquired. At
room temperature, a single broad peak at ¢g* = 0.22 nm! and thus a principal domain spacing of 28
nm was observed. When the material was heated to 175 °C, above its T,,, the peak was still evident.
Thus, we conclude microphase separation still occurs in the melt state at 175 °C. Using an equation
developed for PLLA-b-P(YMCL)-b-PLLA triblocks * the segregation strength, xN, was estimated
to be 68 at 175 °C.5356 The copolymer sample was then cooled down to room temperature and the
scattering pattern prior to heating was recovered, suggesting that heating and cooling through the
PLLA crystallization temperature (7, of the graft copolymers samples are between 97 and 110 °C)
did not disrupt the microphase separation and even allowed for enhanced organization of the
domains (Figure S18). SAXS experiments were also conducted on a subset of graft polymers with
varying PLLA content and graft density at fixed graft length. The SAXS data from these samples
gave comparable principal domain spacings (d = 25 nm) between 23 and 49 wt% PLLA, a higher
domain spacing for 15 wt% PLLA (d = 30 nm) and a lower one at 79 wt% PLLA (d = 17 nm)
(Figure S19). Meanwhile, comparing other set of data with various graft lengths, showed that the
longer the graft, the higher the interdomain spacing; this is true even with the change in graft length
being accompanied by a change in PLLA content (Figure S20) or graft density (Figure S21). Based
on the lack of clear, sharp higher order reflections in the SAXS data, we conclude that the graft
copolymers do not adopt well organized structures, especially for the polymers with a high grafting
density.”” This has been explained by the fact that high molar masses in graft copolymers, high
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segregation strengths, as well as high graft density, may hinder the ability of the material to reach
equilibrium morphologies. However, robust mechanical properties can be achieved without well-

ordered microphase separation behavior.6
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Table 4. Properties of different P(yYMCL)-g-PLLA®

Entry DA d;}nr:lif;d Mw’fsg? MOMUME Tegse Ty Tw o %C E o & Ur
PLLAM DPLLA® O (kemol SemELs (O (OF (O (MPa)  (MPa)  (%)f (MJ/m)E

P(YMCL)sso-gs0-P(LLA)0 9.4 0 0.46 100 1.7 345  -60/48 132 83 07 20 1670 2000
P(YMCL)i201-g24-P(LLAYe 149 5.6 0.20 152 18 340 5510 153 16 15 7.6 2040 7000
P(YMCL)i0o-g1-P(LLAYs 137 5.5 0.11 133 15 349  -61/40 155 31 07 29 2170 3200
POMCL)is-gs.-P(LLA)w 229 48 0.42 149 17 354  -60536 150 11 16 112 1700 9800
POGMCL)ss-gsr-P(LLAY0 267 43 1.35 55 16 342 -6022 131 48 22 17 550 900
P(MCL)io-gs4-P(LLA)  28.1 33 1.52 46 19 348 5849 134 39 31 62 1570 6300
POMCL)is-226-P(LLA)s 299 738 0.57 88 16 348 5837 151 22 45 158 1330 10900
POGMCL)s-gss-P(LLA)s ~ 29.6 6.8 0.58 160 18 340 -5839 150 89 38 144 1220 8500
PGMCL)ss:-gss-P(LLAYs 295 9.3 0.52 163 18 340 -58/45 150 36 40 173 1380 11400
POGMCL)sws-g22-P(LLA)s 298 7.8 0.56 77 16 342 -6030 142 60 44 52 1020 3500
P(OMCL)iss-g41-P(LLAY;; 295 5.6 0.39 161 16 354 -6031 153 13 27 103 750 3800
P(MCL)ss-g1-P(LLA)y;  31.5 15 0.22 91 16 342 -6038 156 47 39 75 710 3000
POGMCL)-g2o-P(LLAY:s 32 9.2 0.39 167 17 340 59538 155 19 57 131 1070 7400
P(MCL)ss1-g1o-P(LLAYyy  37.7 15 0.34 162 16 337  -60/44 156 12 35 88 580 3400
P(MCL)sr-gso-P(LLA)  48.8 14 12 162 18 342 5842 154 52 148 121 670 5100
P(YMCL)r7-gs-P(LLA)ss 513 12 0.94 165 16 340 -58/53 157 30 127 130 460 5200
P(YMCL)s>-g1s5-P(LLA)s  78.5 20 5.0 99 14 330 28 155 500 42 17 4 3
P(MCL)s-gn -P(LLA)s 886 29 14.0 157 17 332 29 158 55
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“Prepared using 1 mol% DPP at 100 °C, 2.5 M in toluene (Table S1) "Calculated from THF SEC, 25 °C, light scattering detected ‘Determined by
"H NMR spectroscopy “Determined by TGA analysis at a heating rate of 10 °C min~' ‘Percent of repeat units from the macromonomer for a 100
repeating units in the graft backbone Determined on second heating cycle at a rate of 10 °C min~! in a DSC analysis ‘Calculated (%C = AH,,/
(AH,” * wWt%ppLa)) from the second heating cycle at a rate of 10 °C min™! (cooling at 5 °C min~!) in a DSC analysis. éDetermined from tensile
testing to the break point of 4 samples extended at 50 mm.min~!, a representative set of data was selected.
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The mechanical properties of various graft architectures were studied by uniaxial tensile
testing. As explained in the Introduction, using semi-crystalline PLLA hard block behavior is
important to achieve high-performance thermoplastic elastomers. Indeed, using an amorphous,
atactic PLA macromonomer resulted in a graft copolymer with considerably lower stress at
break than a comparable PLLA graft copolymer (Figure S22). We first explored the impact of
backbone length on the tensile behavior while other parameters (i.e., graft length, wt% PLLA
and thus graft density) were kept relatively constant. At overall molar masses less than about
50 kg/mol, stresses at break were generally lower than 6 MPa; overall molar masses of 59
kg/mol or higher gave stresses at break greater than 14 MPa and strains at break higher than
1200 %. For molar masses between 59 and 133 kg/mol the backbone length, at constant graft
density and thus constant PLLA content, had little impact on the tensile data in general (Figure

5 and S23).

50 k, P(YMCL)3g5-9, -P(LLA) 4
59 kK, P(YMCL)4g4-9, 5-P(LLA) ¢
T2 K, P(YMCL)5g2-036-P(LLA),g
16 {[===100 kK, P(YMCL);,4-0, 5-P(LLA) X

113k, P(YMCL )gg5-94 5P (LLA) 49 X

Stress (MPa)

0 I 2(I)0 I 4(I)0 I S(I)O I 8(I)0 I 10I00 I 12I00 I 14I00 I 16I00
Strain (%)
Figure 5. Representative stress—strain curves (of 4 samples extended at 50 mm.min™') for

P(yMCL)-g-P(LLA) for different backbone length at approximately 30 wt% PLLA and a low

graft density = 0.6 %.

In a P(yMCL)-g-PLLA molecules with moderate to low grafting densities, there are two

P(yMCL) blocks at the chain-ends, and several P(yMCL) bridging blocks between adjacent
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PLLA grafts (Figure 6). Those elastically effective P(YMCL) segments bridge microphase
separated PLLA domains, and consequently are kept in place by the PLLA glassy, semi-
crystalline domains. A higher ratios of well-entangled P(YMCL) (M. = 2.8 kg mol~')*® a higher
bridging block to dangling end-block ratio is expected to give more desirable tensile
properties.’® Inherently, by changing the backbone length while keeping a constant graft
density, the number of grafts per chain is impacted (here, from 2 to 5 grafts/chain, for the 50
kg/mol (P(YMCL)395-22,-P(LLA)s) and 113 kg/mol (P(YMCL)ss3-g46-P(LLA)4) samples,
respectively). This could explain the improved tensile behavior for backbones with molar
masses over 59 kg/mol (3 grafts/chain, P(YMCL).64-g26-P(LLA)4) as compared to copolymers

with backbones at 50 kg/mol or less.

a)
P(yMCL)
bridging
block
P(yMCL)

dangling block

b)

—— P(vMCL)

_—J PLLA

Figure 6. Schematic diagram showing P(YMCL) backbone with a (a) low grafting density; (b)
high grafting density and the connections to the associated microphase separated PLLA

domains.
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The impacts of the (i) graft length, (ii) graft density, and (iii) PLLA content on tensile
behavior in samples with similar backbone molar masses were next explored. Changing one of
those parameters inherently impacts another, but it is possible to keep the third constant. First,
we studied the impact of varying PLLA content by changing the graft density but keeping the
graft length fixed (7.1 kg/mol) (Figure 7a)). As expected, the more PLLA, the higher the stress
at break and the more plastic-like behavior. Above 50 wt% PLLA , these copolymers were brittle
(Figure S23). At 15 wt% PLLA, the material displays a remarkable strain at break of 2000 %.
At 30 wt% PLLA elongations at break of 1400 % with the highest stress at break value (17
MPa) was observed, those values are closed to the ones reported for PI-g-PS.” As previously
described, the interdomain spacing was only slightly impacted when the PLLA content was
varied between 15 and 49 wt%. However, the average molar mass of P(YMCL) segments
decreases significantly (going from around 60 kg/mol for 15 wt% PLLA to only 10 kg/mol for
49 wt% PLLA) as the graft density changes. At about the same interdomain space, polymers
with a lower PLLA content have longer P(YMCL) and more entangled segments between
adjacent PLLA grafts (Figure 6), leading to superior elastomeric behavior. Consistently with
the observations made for samples with different backbone lengths, the more PLLA grafts in

the copolymers, the higher the stresses at break.
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2 104
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@ X
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9 %, 2.9 Kk, P(YMCL)gue-g5 o-P(LLA),,

e 23 %, 7.1 K, P(YMCL);55-¢5 1-P(LLA) g

187 b) 32 %, 11 k, P(YMCL);;5-G, o-P(LLA)
164 38 %, 14 k, P(YMCL)5s,-g, -P(LLA),,
14 4

Stress (MPa)
o

0 260 460 660 860 10I00 12I00 14I00 16IOO 18I00 ZOIOO 22I00
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0.2 %, P(YMCL),g7-91 4-P(LLA)q7

0.6 %, P(YMCL),64-g, 6-P(LLA)4q
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16 x

14 4

18

12 1

10
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0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
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Figure 7. Representative stress—strain curves of 4 samples extended at 50 mm.min™!, x
represents break point, (a) for different PLLA content in the graft copolymers (15, 23, 30, and
49 wt%) by varying graft density (0.20,0.42,0.52 and 1.2 %, respectively), at fixed graft length
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(7.1 kg/mol), (b) for different PLLA content (9, 23, 32, and 38 wt%) by varying graft length
(29,7.1,11, and 14 kg/mol), at fixed graft density (0.4 + 0.06 %), (c) for different graft density
(0.2,0.6, and 1.5 %) and graft length (2.9, 7.1, and 14 kg/mol, respectively), at fixed PLLA

content (30 wt%).

Next, we studied the influence of PLLA content on tensile properties by varying the graft
length instead of the graft density (Figure 7b)). The polymers with 7 kg/mol and 11 kg/mol
PLLA grafts showed the most promising results, with stresses at break higher than 10 MPa and
strains at break higher than 1000 %. The copolymer with 7 kg/mol PLLA grafts shows the
lowest residual strain, 20 % after the 2™ cycle and 30 % after the 10™ cycle, compared to 35 %
and 50 % respectively, for the copolymer with 11 kg/mol grafts (Figure 8). However, the
copolymer synthesized from the 14 kg/mol macromonomer exhibits a lower stress at break of
only 8.8 MPa. This sample has a small number of grafts per chain (2, when the other graft
copolymers have 3), and the P(yYMCL) thus bridges fewer PLLA domains, resulting in lower

strength, as shown for the backbone length study (Figure 6).
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4 P(YMCL)755-95.1-P(LLA) 49

1rst Cycle
2nd Cycle
—— 10th Cycle

Stress (MPa)

0 50 100 150 200 250 300
Strain (%)
4 P(YMCL);26-9, g-P(LLA)z¢

1rst Cycle
——2nd Cycle
—— 10th Cycle

Stress (MPa)

T T T T T T
0 50 100 150 200 250 300
Strain (%)

Figure 8. Hysteresis of P(YMCL)-g-PLLA for different PLLA content by varying graft length,

at fixed graft density (0.4 +0.06 %) of 10 cycles of 300 % strain at 50 mm.min~'.

As discussed previously, the graft copolymers contain a low level of “free PLLA”, i.e.,
unreacted macromonomers. To determine the impact of the PLLLA homopolymer on the tensile
properties, we prepared blended samples (by dissolving them together in solvent and then
drying them) from P(YMCL);2-224-P(LLA)4 (containing an initially low free PLLA content
of 5.6 wt%) and a variable amount of P(LLA).,, homopolymer to match the PLLA content of
samples shown in Figure 7a) (Figure S24). In all cases, the blends proved to be less tough and
less elastic than samples with more PLLA integrated to the polymer graft. We can thus conclude
that the mechanical properties of our graft are the results of the successful grafting of PLLA on
the P(yMCL) backbone with only low levels of un-grafted PLLA.

Also, the blends of the graft copolymers and free PLLLA described above are hazy (Figure

S25). One of the drawbacks of using semi-crystalline PLLA, in materials, can be its lack of
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transparency. Our copolymers, however, are transparent, even with very high PLLA content
(Figure 9).

Lr | Rf [Db || Sg | Bh || Hs || I

Lawrenci um || Rutherfordium Dubnium Scaborgium Bohrium Hassium Me
[262) 1267) [270) [269) [270] 1270

58 59 60 61 62 63

Ce || Pr [ Nd ||Pm [[Sm || Eu || ¢

Cetium Prascodymium Neodymium Prom:

140.136 || 140,908

Samarium Europium || Gs

cthm s
[145] 150.36 51.964
90 91 92 93 94 95

Th | Pa | U | Np | Pu [[Am <

Thorium || Protactinium Uranium Neptuium Plutonium

1577 723 30 49 79 87 Wi%PLLA

Figure 9. Image of P(yYMCL)-g-PLLA with various PLLA content.

Finally, copolymers with the same PLLA content (30 wt%), same backbone length but
different graft density and graft length were studied (Figure 7c)). The graft density seemed
critical to obtain tough and elastic materials. A graft density of 0.6 % (with PLLA grafts of 7
kg/mol) appeared to give the best tensile properties. Higher grafting density of 1.5 % (due to
smaller PLLA grafts of 3 kg/mol), resulted in properties close to those observed for graft
copolymers with 15 wt% PLLA and 0.2 % for the graft density, i.e., strain at break above 1600
% but a stress at break below 8 MPa. This trend supports the claims shown in Figure 7b, where
the longer the graft, the higher the stress at break. A lower graft density, 0.2 %, gave low strains

at break and stresses at break.

Conclusions

We have developed the efficient one-pot synthesis of a new biobased macromonomer, a
lactone-terminated PLLA. After optimizing the conditions, macromonomers of up to 14 kg/mol
were synthesized using minimal solvent under 24 h. The complete conversion of the chain-ends
was demonstrated through 'H NMR and MALDI experiments. The optimized conditions for the
grafting-through copolymerization of those macromonomers with YMCL were 100 °C and 2.5
M in toluene using DPP as the catalyst. Thermal analysis, DSC, and SAXS patterns showed

that the graft copolymers are microphase separated. The strain-stress behaviors of various graft
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copolymers were investigated. The backbone length proved to be of little importance for the
mechanical properties above about 59 kg/mol. Grafting density, graft length and wt% of PLLA
content all play a key role for tuning the graft copolymers properties. The materials properties
can be tuned by changing the P(yYMCL)/PLLA ratio. A grafting density higher than 0.6 % (and
more than 2 graft/chains), was essential for robust elastomeric properties, thus ensuring enough
bridging of P(YMCL) between distinct PLLA domains. Using a 7 kg/mol macromonomer is the
best choice for a high stress at break and low residual strain. We report the first example of a

fully biobased, aliphatic graft copolymer TPE with attractive elastomeric properties.
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