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Abstract

A series of poly(L-lactide)-block-poly(tetramethylene oxide) glycol (PLLA-b-
PTMG) cross-linked by 3-isocyanatopropyltriethoxysilane (IPTS) as the coupling
agent were synthesized. Triethoxysilane-terminated oligolactide (OLLA) and PTMG
precursors were synthesized by reacting IPTS with hydroxyl-terminated PLLA and
PTMG oligomers, respectively. Cross-linked PLLA-b-PTMG (C-PLLA-b-PTMG)
was then prepared via one-pot hydrolysis—condensation of the triethoxysilane-func-
tionalized precursors and casted into films in situ. The cross-linked reactions were
verified by 2°Si-NMR and FTIR. The effects of PLLA/PTMG ratio on the thermal
and mechanical properties of the resulting C-PLLA-b-PTMG films were investi-
gated. It was found that the block copolymer containing 40 wt% PTMG exhibited
the highest elongation at break of 240% and shape recovery ratio of 95%, show-
ing decent toughness and resilience. The procedure has great potential in preparing
high molecular weight PLLA-based copolymers in that the stringent water-free or
oxygen-free conditions could be obviated.

Introduction

Poly(L-lactide) (PLLA) as a bio-based material has received numerous attention due
to its excellent biodegradability, biocompatibility, renewability, and compatibility. It
is primarily produced from corns and other natural resources [1-4]. PLLA has been
successfully employed in medical and packaging fields [5—8]. However, there is still
a great need to improve PLLA’s properties for its inherent brittleness greatly limited
its potential applications [9—11]. Therefore, toughening of PLLA has been exten-
sively explored over the recent years [12, 13].
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Blending is a facile way to improve polymer toughness. Blends of PLLA with
various polymers such as poly (e-caprolactone) [14], poly (butylene succinate) [15],
and polyhydroxy butyrate [16] have been reported to show enhanced toughness, but
the improvement was generally limited due to poor interfacial adhesion and phase
separation of the two immiscible components. Toughening of PLLA by copolymeri-
zation is considered to be one of the most effective methods, because the miscibil-
ity problem is solved and specific properties could be achieved through design of
the segment structure [17-21]. Maleic anhydride-grafted PLLA polymers have been
used as a reactive intermediary to graft flexible compounds such as citrate [22] or
poly(ethylene glycol) [23] onto PLLA to increase its toughness.

PLLA can also be toughened by introducing an appropriate level of thermoplas-
tic polymers by cross-linking. Specifically, vinyl alkoxysilane grafting of PLLA was
considered to offer an excellent combination of copolymerization and backbone
grafting approaches to the cross-linking of PLLA [24, 25]. In addition to being more
efficient and energy saving, this two-step method also had the advantage of produc-
ing the more stable Si—O-Si cross-links.

The objective of our study was to prepare PLLA copolymerized with soft seg-
ments. PTMG, an outstanding flexibility, biological stability, and biocompatibility
material [26-28], was chosen as the soft segment. Oligomeric PLLA and PTMG
segments sized 5000 and 2000 Da, respectively, were terminal-modified by 3-(tri-
ethoxysilyl)propyl isocyanate (IPTS), which could provide multiple triethoxysilane
functionalities for the subsequent coupling step and was readily available and highly
reactive [29]. The C-PLLA-b-PTMG films were prepared by in situ casting the
hydrolysis—condensation reaction mixtures. To our knowledge, blocked copolymers
of PLLA prepared by triethoxysilane hydrolysis—condensation had not been previ-
ously reported in the researches. This approach (as illustrated in Scheme 1) took the
advantage of the triethoxysilane hydrolysis—condensation reaction to avoid the strin-
gent water-free or oxygen-free conditions in preparing high molecular weight PLLA
copolymers traditionally.
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Scheme 1 Illustration of the synthetic route for C-PLLA-b-PTMG
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Experimental
Materials

PTMG (2000 g mol™!) and stannous octoate (Sn(Oct),, 95%) were purchased from
Aldrich Co. L-Lactide was purchased from Shenzhen Esun Industrial Co., Ltd. IPTS
and 1,4-butanediol were supplied by TCI (Shanghai) Development Co., Ltd. Metha-
nol, dichloromethane (DCM), and tetrahydrofuran (THF) were purchased from Sin-
opharm Chemical Reagent Co., Ltd. All solvents were analytical grade. THF was
distilled over a sodium benzophenone complex before use. 1,4-Butanediol was dis-
tilled over calcium hydride before use [16].

Synthesis of hydroxyl-terminated oligolactide (HO-OLLA)

HO-OLLA was synthesized by the ring-opening polymerization (ROP) of L-lactide
following a previously reported method [30]. Typically, L-lactide (10 g, 69.4 mmol)
was placed in a flame-dried round-bottom flask equipped with a magnetic stirring
bar, and then, an exhausting—refilling process was repeated three times. After that,
BD (0.19 g, 2.08 mmol) was injected into the flask, and the mixture was stirred
and heated to 135 °C. Finally, Sn(Oct), (0.83 mL, 0.42 mmol) was injected into the
mixture to initiate the ROP as soon as the reactants were melt completely and the
reaction was kept at 135 °C in an argon atmosphere for 12 h to yield the crude prod-
uct. The crude product was purified by precipitation from DCM/methanol and dried
in a vacuum oven at 40 °C for 12 h. '"H NMR (400 MHz, CDCls, 6, ppm): 5.05 (H,
—CH-), 1.26 (3H, —CHs;), 4.18 (2H, -CH,-).

General procedure for preparing C-PLLA-b-PTMG films

HO-OLLA and PTMG were dried under vacuum for 12 h at 80 °C before use. Pre-
determined HO-OLLA and PTMG (1.5 g) were dissolved in 15 mL THF solution.
A stoichiometric amount of IPTS (the ratio of -NCO to —OH was 1.1:1) and (1%
mmol) Sn(Oct), were added to the reaction vessel with a syringe. The mixture was
refluxed, stirred for 3 h under nitrogen and then cooled to room temperature. Nitric
acid (1 wt%) was added to the mixture, which was further stirred at room tempera-
ture for 12 h. The solution was then poured into a Teflon casting plate (10%10 cm)
to allow slow evaporation of THF (12 h) and formation of the films. Finally, films
were removed from the Teflon plate and dried in a vacuum oven at 40 °C for 12 h
to ensure complete removal of any residual THF. The samples containing 0-50 wt%
PTMG were marked as C-PLLA-b-PTMGO0, C-PLLA-b-PTMG10, C-PLLA-b-
PTMG20, C-PLLA-b-PTMG30, C-PLLA-b-PTMG40, and C-PLLA-b-PTMGS50,
respectively.

In order to characterize the triethoxysilane-terminated oligolactide (Si-OLLA), HO-
OLLA was reacted with IPTS in the presence of Sn(Oct), in THF. After the reaction
completed, THF was removed under reduced pressure and the obtained product was
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characterized by NMR. 'H NMR (400 MHz, CDCl,, 8, ppm) 3.11 (1H, -NH-CH,-),
0.56 (2H, -CH,-Si-), 3.75 (2H, -Si-OCH,), 1.15 (2H, -Si-O-CH,—CH,). Triethox-
ysilane-terminated PTMG (Si-PTMG) was prepared and characterized similarly. 'H
NMR (400 MHz, CDCl,, 8, ppm): 3.15 (1H, -NH-CH,-), 0.61 (2H, -CH,-Si-), 3.81
(2H, -Si-OCH,), 1.22 (3H, -Si—-O-CH,—CH,).

Measurements

Fourier-transform infrared spectra (FTIR) were recorded on a PerkinElmer Spectrum-2
using the compression membrane samples in the range of 400-4000 cm™".

"H NMR spectra were obtained on a Bruker DRX-400 at room temperature using
CDClIj; as the solvent. The molecular weights of HO-OLLA were estimated from the
integrals of methenyl C—H peak (8 5.1 ppm) on the PLA chain and the methylene C-H
peak (5 4.09 ppm) of the BD moieties.

Thermogravimetric analysis (TGA) was performed on a Netzsch 209 F1 under nitro-
gen atmosphere from room temperature to 600 °C with the heating rate of 10 °C/min.

Differential scanning calorimeter (DSC) was carried out using a Netzsch
DSC204F1. The samples were subjected to two consecutive DSC runs. The samples
were heated up to and kept at 200 °C for 3 min, cooled down to 0 °C, and finally heated
up again to 200 °C. All runs were conducted at a heating rate of 20 °C min~' under
nitrogen atmosphere.

Mechanical properties including tensile strength and elongation at break were deter-
mined using a Hounsfield HSK-S instrument at a strain rate of 500 mm/min. The meas-
urements were taken at 25 °C. The tensile toughness as depicted by the area under the
stress—strain curves was evaluated from five repeats for each sample. The film samples
had thickness of 0.2 mm and length of 30 mm, conformed to the ASTM D5034 stand-
ard. The data presented were an average of at least five different measurements.

Scanning electron microscopy (SEM) was performed on a VE-7800 electron micro-
scope (KEYENCE Corp., Osaka, Japan) operated at 10 kV. The stretched fractured
samples were surface-coated with gold on an aluminum stage prior to observation.

Elastic recovery analysis of the C-PLLA-b-PTMG films was carried out on a
DMAT Q800 (TA Corp. USA). All measurements were taken at 25 °C. The film strips
(width=5 mm, thickness=0.2 mm) were examined by step cycle tensile deforma-
tion, which was conducted stepwise to progressively higher tensile strains. The sam-
ples were stretched from the initial strain (g;) to a pre-set strain (g,,,) (corresponding to
stress=5 MPa) by increasing the stress from 0 to 5 Mpa at 0.2 MPa/min. The recover
strain (g,) was measured immediately after the stress was removed, and the deformed
samples were allowed to relax for 10 min before the next cycle was applied. Three
cycles were conducted for each sample, and the elastic recovery ratios were calculated
using the following equation:
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Results and discussion
Synthesis of cross-linked copolymers

As shown in Scheme 1, hydroxyl-terminated polylactide (HO-OLLA) was synthe-
sized by general ring-opening polymerization of L-lactide initiated by butanediol
and catalyzed by Sn(Oct),. OLLA and PTMG were subsequently end-capped with
triethoxysilyl groups by reacting with two equivalents of IPTS to yield Si-OLLA
and Si-PTMG. Generally, when the average functionality of the pre-polymers
was no less than 3, the resulting polymer became cross-linked. In this study, the
Si-OLLA and Si-PTMG both had functionality of 6.0. Therefore, the C-PLLA-b-
PTMG films casted in situ from mixing these pre-polymers were cross-linked in
nature and were confirmed experimentally. The dried C-PLLA-b-PTMG films were
insoluble in common organic solvents such as tetrahydrofuran, dichloromethane, tol-
uene, dimethyl sulfoxide, and methanol, in agreement with that common notion that
cross-linked polymers are insoluble in any solvents.

To confirm the formation of copolymer, the ATR-FTIR spectra of the C-PLLA-
b-PTMG were recorded and compared with those of Si-OLLA, Si-PTMG, and
the triethoxysilane cross-linked autopolymer of PLLA (C-PLLA-b-PTMGO). The
results are summarized in Fig. 1. The IR spectrum of C-PLLA-b-PTMGO contain-
ing no PTMG segments was very similar to that of its precursor Si-OLLA, and both
showed peaks at 1080, 1180, 1518, 1753, 2994, and 2940 cm™! characteristic for
C-0 stretching, C=0 bending, N-H bending, C=0 stretching, methenyl C—H asym-
metric stretching, and methyl C—H symmetric stretching, respectively. In the spectra
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Fig. 1 FTIR spectra of Si-OLLA, Si-PTMG, C-PLLA-b-PTMG films
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of C-PLLA-b-PTMG (10-50), on the other hand, all featured absorption peaks at
2944, 2853, and 1720 cm™! corresponded to methylene C—H asymmetric, symmetric
stretching, and carbamate C=0 bending from the PTMG moiety. The intensity of
these peaks increased with increasing PTMG contents. Since all the samples tested
were pre-washed with THF to remove any unreacted pre-polymers, the coexistence
of peaks characteristic to both PLLA and PTMG segments in the IR spectra con-
firmed the coupling of the pre-polymers via Si—~O-Si cross-links.

The comparison of the 2Si NMR spectra of Si-OLLA and C-PLLA-b-PTMGS50
is shown in Fig. 2. The different tri-substituted silicon species were denoted as 7",
where T designates the tri-functional status of the centered silicon and n is the
number of neighboring silicon atoms interconnected via a single Si—O-Si bridge.
The ?°Si NMR spectrum of Si-OLLA exhibits a single peak at §=— 45 ppm,
which is assigned to the triethoxysilyl silicon species having none interconnected
neighboring silicon ( 7°. The 7° peak was completely absent in the spectrum of
CL50 and replaced by two peaks at =— 49 and — 57 ppm corresponding to 7!
and T silicon species. These results also confirmed the successful synthesis of the
C-PLLA-b-PTMG.

Thermal properties of the cross-linked films
Figure 3 shows the TGA (3a) and DTG (3b) curves of HO-OLLA and the

Si—O-Si cross-linked polymers of PLLA and the PLLA-b-PTMG copoly-
mers. The oligomeric HO-OLLA started to lose weight at around 180 °C and

Si-OLLA

C-PLLA-b-PTMGS50 .

1
10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90  -100
ppm

Fig.2 2°Si NMR spectra of Si-OLLA and C-PLLA-b-PTMG50
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its maximum decomposition temperature is 239 °C, whereas the onsets of
decomposition temperature and the maximum decomposition temperature for
all the cross-linked polymers were around 235 and 284 °C, respectively, and
an improvement by about 45 °C attributed mainly to their stable three-dimen-
sional structures from cross-linking [31]. Two-step decomposition profiles
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were observed for all C-PLLA-b-PTMG copolymers (10-50). In the first step,
the onset degradation temperature was invariant at 235 °C to the mass ratio of
OLLA and PTMG. The temperature likely corresponded to the thermal degrada-
tion due to breaking of the OLLA ester linkages. The percent weight loss during
this step decreased with increasing PTMG contents. The decomposition of the
ether bonds of PTMG took place at 370 °C in a later stage.

The DSC thermograms of the C-PLLA-b-PTMG films are presented in Fig. 4. It
was noticed that the melting point of the C-PLLA-b-PTMGO was at 131 °C, while
the copolymers showed increasingly lower melting points of 128, 126, 126, 122,
and 120 °C as more PTMG segments were incorporated. The observation could be
understood in that polymers with more flexible and softer backbones tend to melt
at lower temperatures. It is worth noting that the presence of endothermic melting
peaks in all of the samples in the first DSC scan (Fig. 4a) indicated that they had
rather low degree of cross-linking due to incomplete hydrolysis—condensation. The
exothermic peaks ranging from 160 to 171 °C could be attributed to further con-
densation reaction between the residual triethoxysilanes. The observations that the
endothermic melting peak weakened and broadened, while the exothermal reaction
peak sharpened and intensified with increasing Si-PTMG content also agreed with
this argument. As the samples were cured during the first scan, they became truly
cross-linked leading to the disappearance of the exothermic melting peaks in the
second scan (Fig. 4b).

Mechanical properties of cross-linked films

The stress—strain curves of the C-PLLA-b-PTMG films are shown in Fig. 5, and
the calculated tensile strength (MPa) and elongation at break (%) are presented in
Table 1. The autopolymer C-PLLA-b-PTMGO had the highest tensile strength but
lowest elongation at break of 12% with an obvious yield point indicative of being
a brittle polymer with poor ductility. However, with increasing contents of the soft
PTMG segment, the elongation at break rapidly increased and peaked at 244% for
sample C-PLLA-b-PTMG40, which contained 40 wt% of PTMG. Further increase
in PTMG content to 50 wt% led to a slight decrease to 218%. The trend observed for
tensile strength of the cross-linked polymers was the opposite, but to a much smaller
extend. When considering the film tensile toughness, the C-PLLA-b-PTMG40 film
showed a sixfold increase in toughness. Tensile strength measured for all samples
fell in the range of 9-15 MPa making them viable for applications as packaging
materials. Therefore, toughening of PLA could be achieved by preparing C-PLLA-
b-PTMG copolymers.

Resilience properties
Resilience is a measure of the ability of a material to deform reversibly without loss

of energy, which is often used to characterize elastic materials. The cross-linked
copolymers featured the flexible PTMG chains as the elastic recoil component, the
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Fig.4 DSC thermograms of the cross-linked polymers: a initial heating scan (20 °C/min) and b repeated
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hard OLLA chains as the stiff component, and the Si—O-Si as the cross-linking
points. The combination of the soft and stiff joined up with a cross-linked network
structure may endow the material with superior resilience.
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Table 1 Mechanical properties of copolymers

Tensile tough-
ness (MJ/m®)

Sample Tensile strength (MPa) Elongation at break (%)
C-PLLA-b-PTMGO 143+0.4 12.3+£5.0
C-PLLA-b-PTMG10 13.2+0.2 29.2+1.6
C-PLLA-b-PTMG20 12.7+0.4 T1.7+12.1
C-PLLA-b-PTMG30 11.1+£0.4 180.6£10.1
C-PLLA-b-PTMG40 9.8+0.6 250.3+9.1
C-PLLA-b-PTMGS0 10.9+0.2 218.4+18.0

25+4.2

34+13

8.2+10.7
14.0+7.5
16.2+6.1
13.7+9.6

As illustrated in Fig. 6, the resilience properties of C-PLLA-b-PTMG30,
C-PLLA-b-PTMG40, and C-PLLA-b-PTMGS50 were investigated using dynamic
mechanical analysis under a controlled force mode at 25 °C and the elastic recover-
ies were recorded. The cross-linked films with PTMG content lower than 30% did
not appear to be elastic and, therefore, were not included.

The results showed that deformed films could not completely recover the original
shape, indicating entanglement of PTMG chains may exist to some extent in the
network. Interestingly, over 90% of the maximum strain was recovered right after
the samples were released from the strain, likely because the cross-linked structures

provided a strong resilience [32].

As shown in Fig. 7, after three cycles of tensile deformation, the elastic
recovery increased greatly from 54 to 91% for C-PLLA-b-PTMG30, from 80 to
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Fig. 7 Elastic recovery of C-PLLA-b-PTMG (30-50)

95% for C-PLLA-b-PTMG40, and from 75 to 96% for C-PLLA-b-PTMG50. The
small residual strain of less than 10% after three cycles could be caused by the
deformation-induced chain disentanglements [33-35]. In other words, during
stretching, the cross-linked entanglement network could be disentanglement and
cross-linked entanglement network could be entanglement after the stress was
removed, resulting in the small residual strain of less than 10%. The C-PLLA-
b-PTMG 40 has the highest elastic recovery. This probably owes to the slight
excessive cross-linking of films.

Stretched fractured morphologies of the cross-linked films

The morphologies for the stretched fractured surfaces of the cross-linked films
are shown in Fig. 8. The stretched neat PLLA film (Fig. 8a) presented a flat
fractured surface indicating typical brittle fractured during the mechanical test,
which was consistent with previous report [36]. The stretched fractured surfaces
of both the triethoxysilane cross-linked C-PLLA-b-PTMGO and C-PLLA-b-
PTMG40 were dramatically different to that of the neat PLLA. It can be seen
that a large amount of voids were present on the fractured surfaces of C-PLLA-
b-PTMGO and C-PLLA-b-PTMG40 films, indicative of porous structures. The
voids could play an important role in recovery of the materials from deformation
by shrinking in response to the applied stress.
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Fig.8 SEM images of stretched
fractured surfaces of a PLLA, b
C-PLLA-b-PTMGO, ¢ C-PLLA-
b-PTMG40

%X2.0k 30 um

Conclusions

A series of cross-linked PLLA/PTMG copolymers were successfully prepared by
triethoxysilane hydrolysis—condensation at room temperature. The tensile tough-
ness properties could be modulated by varying the ratio of the hard and soft seg-
ments. The break at elongation of films casted from the cross-linked polymers

@ Springer



1544 Polymer Bulletin (2019) 76:1531-1545

ranged from 12% for C-PLLA-b-PTMGO, which contained no soft PTMG seg-
ment to up to 250% for C-PLLA-b-PTMG40 with 40 wt% PTMG added. The ten-
sile strength of all cross-linked films ranged from 9 to 15 MPa, which was lower
than of neat PLLA but sufficiently high for the materials to be used in packaging.
For the more elastic C-PLLA-b-PTMG30, C-PLLA-b-PTMG40, and C-PLLA-b-
PTMGS50 films, DMA analysis was performed. The results showed that elastic
recovery of 91-95% could be achieved after three deformation cycles. In sum-
mary, a simple one-pot procedure was developed to toughen PLLA via triethox-
ysilane cross-linking. The method was applied successfully to obtain tough cross-
linked PLLA/PTMG copolymer films that showed greatly improved resilience
and reasonable tensile strengths. The procedure has great potential in preparing
high molecular weight PLLA-based copolymers in that the stringent water-free or
oxygen-free conditions could be obviated.
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