Polymer 209 (2020) 122980

@

ELSEVIER

journal homepage: http://www.elsevier.com/locate/polymer

POLYMER

Contents lists available at ScienceDirect

Polymer

Shape memory Poly(lactic acid) binary blends with unusual fluorescence

L))

Check for
updates

Shuai Zhang“, Tuan Liu® , Baoming Zhao ®, Christina Verdi %> Wangcheng Liu?, Cheng Hao ?,

Jinwen Zhang ™"

@ School of Mechanical and Materials Engineering, Composite Materials and Engineering Center, Washington State University, Pullman, WA, 99164, USA
b College of Natural Resources, North Carolina State University, Raleigh, NG, 27607, USA

ARTICLE INFO

Keywords:

Catalyst free

Poly(lactic acid)
Clusterization-triggered emission
Shape memory

Toughening

Vitrimer

ABSTRACT

A multifunctional PLA blend with shape memory, fluorescence and improved toughness is prepared via reactive
compounding of a multifunctional prepolymer (GSE) with PLA in the absence of an external catalyst. GSE is
synthesized by glycerol-mediated bulk polymerization of succinic anhydride and ethylene glycol diglycidyl ether,
and its self-crosslinking reaction taking place during compounding introduces an elastomeric polymer dispersed
in the PLA matrix. The transesterification at the interface compatibilizes the PLA blend resulting in significantly
improved toughness. Moreover, the resulting PLA blend exhibits strong fluorescence, and the fluorescence in-
tensity of the PLA blend with 40% GSE is stronger than that of neat crosslinked GSE. The PLA blend also exhibits
an excellent shape memory property, explained by the improved toughness for larger deformation and the
crosslinked GSE-rich phase for the storage of internal stress induced by deformation. This work introduces a new
preparation method for a smart PLA material with improved toughness, strong fluorescence, and shape memory

by simple melt compounding of PLA and a multifunctional modifier (GSE).

1. Introduction

PLA is a renewable thermoplastic that has found many applications
such as packaging, textile, 3D printing, biomedical devices, etc., yet it
only accounts for a small fraction of the polymer materials market that is
dominated by petroleum-based thermoplastics. This is because PLA is
limited by its relatively high cost in addition to its brittleness and low
heat resistance. Developing smart PLA materials may apply PLA for
higher value products and increase its market share. In the past decades,
smart polymers with multifunctional properties, such as shape memory
and fluorescence, have received extensive attention and demonstrated
applications in the areas of medical devices, smart textile, biosensor, etc.

Shape memory polymers (SMPs) are a class of smart materials which
recover from a deformed (temporary) shape to original (permanent)
shape upon external stimulation. The thermally responsive SMPs are the
most studied ones. Conventional thermally responsive SMPs possess
chemically or physically crosslinked network structures composed of
stiff and soft segments [1]. Many linear thermoplastic polymers do not
have this characteristic and hence are not SMPs. In recent years, many
shape memory PLA materials have been prepared via reactive com-
pounding of PLA with a flexible component to establish reactive
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compatibilization at interface. For example, Tsujimoto et al. reported a
shape memory PLA material by crosslinking of epoxidized soybean oil in
PLA matrix in presence of a benzylsulfonium-based cationic catalyst [2].
In another example, Chen et al. prepared a shape memory PLA by
blending PLA and natural rubber (NR) presence of a peroxide that
induced the crosslinking of NR and reaction of NR and PLA at interface
[3]. In both cases, the brittle PLA was toughened by an in situ cross-
linked elastomer to afford large deformation and good shape recovery of
the resulting materials. The authors also pointed out that a strong
interfacial compatibilization between the crosslinked rubber phase and
PLA phase was crucial to obtain good mechanical properties. Reactive
compatibilization usually relies on catalysts for activating and promot-
ing the chemical reaction between polymer matrix and modifier [3-5].
Those catalysts are tertiary amines, metal salts and peroxides which may
bring toxicity to the polymer blends. Therefore, it is desirable to prepare
shape memory PLA by catalyst-free reactive compounding.

On the other hand, fluorescent organic compounds have received
extensive investigations due to their sensitive responses to temperature,
metal ions and pH value. Conventional light emitting organic com-
pounds are used in solution rather than in solid, because the fluores-
cence is quenched in solid state. Light emitting organic compounds
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which follows aggregation induced emission (AIE) mechanism can be
used in solid state and has been used as additive in polymer materials for
detecting the corrosion of a metal substrate and monitoring the swelling
process of a hydrogel [6-8]. In these works, the AIE compounds are
conjugated small molecules and used as additive rather than major
component in polymer materials. This may be because the organic
compounds with such rigid structure may suffer from serious steric
hindrance for polymerization. In the recent decade, a class of polymer
with intrinsic fluorescence named non-traditional fluorescence com-
pounds (NTFCs) have been discovered [9]. NTFCs usually possess highly
branched structure with no conjugated structural unit. Hyperbranched
poly (amidoamine) [10,11], polysiloxanes [12,13], poly (phosphate)
[14], polyether [15], and polyester [16,17] are some examples of NTFCs
which emit fluorescence via clusterization-triggered emission (CTE)
mechanism. These NTFCs usually possess high molecular weight and
reactive functional groups, making them readily used as major compo-
nent in polymer materials. Conventional thermoplastics (e.g., poly
(ethylene oxide) (PEO) and PLA) show negligible or no fluorescence. We
assume that introducing NTFCs to thermoplastics would provide fluo-
rescence property to the resulting materials.

In this work, a PLA-based shape memory and fluorescent material
was prepared via a facile and green approach. First, glycerol, succinic
anhydride (SA) and ethylene glycol diglycidyl ether (EGDE) were
reacted to give a prepolymer named “GSE” (Scheme 1) which was sub-
sequently compounded with PLA to yield a PLA blend with fluorescence
and shape-memory properties. Both self-crosslinking of GSE and trans-
esterification between GSE and PLA took place during compounding
without a catalyst. The resulting blend exhibited good compatibility and
retained good melt processability. In addition, the inclusion of a soft
crosslinked GSE phase in PLA matrix not only improved the toughness of
PLA, but also provided shape memory property to the PLA/GSE blends.
More interestingly, PLA/GSE blends emitted blue fluorescence via the
CTE mechanism.

2. Experimental section
2.1. Material

PLA 3052D (NatureWorks), glycerol (TCI, 99%), ethylene glycol
diglycidyl ether (EGDE, epoxy value = 0.76 mol 100 g™}, TCI), succinic
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anhydride (SA, ACROS, 99%), chloroform-d (CDCls, Aldrich, 99.8%),
dimethyl sulfoxide-d (DMSO-ds, Aldrich, 99.9%), silicon dioxide
(Aldrich, 5-15 nm), and all solvents (GR grade) were used without
further purification.

2.2. Synthesis of GSE

Glycerol (35 g), SA (38 g), and EGDE (100 g) were added into a 500
mL round bottom flask and reacted under magnetic stirring at 130 °C for
1 h and 150 °C for 40 min. The molar ratio of glycerol monomer, SA
monomer, and epoxy group of EGDE was fixed at 0.5:0.5:1.

2.3. Preparation of PLA/GSE blends

1) Melt compounding: PLA pellets were dried in a vacuum oven at 80 °C
for 12 h. The dried pellets were loaded into a micro twin-screw
extruder (Haake Minilab) at 185 °C. When the pellets were totally
melted, GSE was added and then compounded with PLA at 185 °C for
10 min with a screw speed of 100 rpm. Table 1 shows the formula-
tions of PLA/GSE blends containing 0, 10, 20, 30 and 40wt% of GSE,
respectively.

Injection molding: The samples for tensile and DMA tests were pre-

pared using a mini injection molding machine (Haake minijet IT). The

cylinder and the mold were preheated to 190 °C and 40 °C, respec-
tively. The samples from melt compounding were loaded into the
cylinder and melted at 190 °C for 180 s. The melted samples were
injected into the mold. The injection pressure was 600 bar, and the
injection time was 15 s. The post pressure was 150 bar, and the

holding time was 20 s.

3) Film preparation: Film samples were prepared using a hot press
(Carver, 3693-230). The samples (~2 g) from melt compounding
were loaded into a Teflon mold with a dimension of 16 cm x 8 cm X
0.25 mm (Fig. S1) and placed in the hot press. The samples were
pressed at 190 °C for 5 min.

2

—

2.4. Characterizations

The molecular weight of GSE was measured using a gel permeation
chromatography (GPC, Viscotek) system equipped with a GPCmax™
Pump/Autosampler/Degasser Module and a TDA 305 multi-detector. A
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Scheme 1. Synthesis route of GSE using glycerol, succinic acid (SA) and ethylene glycol diglycidyl ether (EGDE) as reactants. The mass ratio of glycerol, SA, and
EGDE is 35/38/100 which is equivalent to a molar ratio of ~-OH, anhydride and epoxy group of 1.5/0.5/1. The digital photo shows GSE is transparent and colorless.
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Table 1
Formulations of PLA/GSE blends and their thermal properties.
Sample GSE Gel DSC (°C)* DMA (°C)” TGA
content content Q)
(Wt%) (%) Ty, b, Ty, a1, “Tas
GSE PLA GSE PLA
PLA 0 NA NA 56.2 - 63.2 315
PLA/ 10 4.4 + -26.2 53.6 -19.4 59.8 319
GSE- 0.5
10
PLA/ 20 12.4 + -26.2 52.8 -19.4 58.6 315
GSE- 0.6
20
PLA/ 30 225+ -26.4 52.6 -19.7 58.3 304
GSE- 0.8
30
PLA/ 40 31.9 -26.0 52.2 -19.8 58.0 303
GSE- +1.6
40

? Tg, gse and Ty, pra values are the Ty of the crosslinked GSE-rich phase and the
PLA-rich phase in PLA/GSE blends measured by DSC;

b Tg, gsg and Ty, pra are obtained from the peak temperatures of tan § curves;

¢ Ty4s is the temperature at 5% weight loss obtained from the TGA heating
curve.

HPLC grade tetrahydrofuran (THF) was used as eluent with a flow rate of
1.0 mL min~ . Fourier transform infrared (FTIR) spectra were collected
using a NICOLET iS50 FTIR spectrometer. The sample was scanned from
400 to 4000 cm ! for 64 times with a resolution of 4.0 cm™!. Nuclear
magnetic resonance (NMR) spectra were recorded on a Varian 400-NMR
spectrometer (400 MHz). CDCl3 or DMSO-dg was used as the deuterated
solvent. Chlorobenzene (20 mg) was added into 1 mL CDCl3 as an in-
ternal standard.

The curing behavior of GSE was monitored using a Discovery HR-2
rheometer (TA Instruments) equipped with a pair of 25 mm parallel
plates. The sample was scanned at 150 °C with a constant frequency of
10 rad s ' and a constant strain of 0.5%. The changes of storage modulus
(G", loss modulus (G”), and complex viscosity of the PLA/GSE blends
with temperature were recorded. In the temperature sweep measure-
ments, samples were heated from 100 to 200 °C at a heating rate of 3 °C
min~! with a constant frequency of 10 rad s~* and a constant strain of
0.5%. In the frequency sweep measurements, samples were scanned
from 0.1 to 500 rad s~! at 190 °C with a constant strain of 0.5%. For all
rheological tests, the gap was 1000 pm.

The T and curing behavior were monitored using a differential
scanning calorimeter (DSC1, Mettler-Toledo). The sample (~5 mg) was
sealed in an aluminum crucible and scanned from —50 to 280 °C at a
heating rate of 5 °C min~* under nitrogen atmosphere. Thermal stability
was measured using a thermo-gravimetric analyzer (TGA/DSC1,
Mettler-Toledo). The sample (~10 mg) was scanned from 50 to 800 °C at
a heating rate of 10 °C min~! under nitrogen atmosphere. Dynamic
mechanical properties were tested using a dynamic mechanical analyzer
(Q800 DMA, TA Instrument) in single cantilever mode. The specimen
with a dimension of ~35 mm x 10 mm x 1 mm was scanned from —50
to 150 °C at a heating rate of 3 °C min~!. The oscillation amplitude was
15 pm, and the frequency was 1 Hz. Tensile property was tested based on
ASTM D638 using type V dog bone samples. The test was carried out on a
universal test machine (Instron 4466) equipped with a 10 KN electronic
load cell. The crosshead speed was 1 mm min~'. The strain was moni-
tored by clamping a 1.0-inch extensometer (MTS 634.12E-24) on the test
sample. For each formulation, at least five specimens were tested.

Luminescence experiments were carried out using a Cary Eclipse
Fluorescence Spectrophotometer (Agilent Technologies). Samples were
prepared to be rectangular films with a dimension of 1 cm x 1 cm X
0.25 mm. The fluorescence spectra were scanned from 380 to 700 nm at
an excitation wavelength of 365 nm. The slit width was set as Ex = 10,
Em = 10. UV-Vis absorption spectra of GSE and the crosslinked GSE with
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a thickness of 0.25 mm were measured using a PerkinElmer spectrom-
eter (Lambda 25). The samples were scanned from 200 to 600 nm.

The gel content of PLA/GSE blends was measured via the solvent
extraction method according to ASTM D2765-16. Samples were dried in
a vacuum oven at 80 °C for 24 h to remove the volatiles. In a 250 mL
round bottom flask equipped with a Soxhlet extractor, the dried sample
(~0.300 + 0.020 g, W;) was extracted by 100 mL of xylene for 12 h.
After extraction, the swollen sample was dried in a vacuum oven at
100 °C until a constant weight (W5) was obtained. At least three repeats
were performed for each formulation. The gel content was calculated
according to the following equation,

Gel content (%) = % x 100% 1
1

3. Results and discussion
3.1. Synthesis of GSE

Glycerol was introduced to the SA/EGDE reaction system (Scheme 1)
to afford a catalyst-free preparation of GSE. It is understood that hy-
droxyl groups present in the reaction system play a critical role in the
curing of epoxy with anhydride in absence of an external catalyst, and
polyhydric compounds can serve as internally catalytic species [18,19].
In a recent study, our group utilized glycerol as a co-monomer to prepare
a catalyst-free epoxy vitrimer [20]. It was noted that the high polarity
glycerol was immiscible with the SA/EGDE mixture at room tempera-
ture, but the mixture turned to a clear and transparent glycerol-SA-EGDE
(G-S-E) solution at 130 °C (Fig. S2). Fig. S3 shows the DSC heating curve
of a well-mixed G-S-E solution. A broad exothermic peak attributed to
the curing reaction appeared at 100-250 °C. In the second heating
curve, the T, of the cured GSE appeared at ~ —5 °C (Fig. S4). The low T
was due to the flexible structures of the building blocks. To acquire a
moderate reaction rate, polymerization was performed at 150 °C. Fig. 1a
shows the change of complex viscosity (n*) during the polymerization at
150 °C. The viscosity of the G-S-E solution started to increase dramati-
cally at ~40 min due to the increase of molecular weight as demon-
strated from the GPC curves (Fig. 1b). The gel point is the time when
storage modulus (G') and loss modulus (G”) intersect. The reaction
mixture started to turn to gel at ~47 min (Fig. 1a). Therefore, the re-
action time of synthesis of GSE was set at 40 min to achieve a decent
molecular weight and also avoid gel formation. GSE obtained was a
colorless and viscous liquid with a viscosity of ~288 Pa s at 25 °C. Fig. 1c
and Fig. S5 show the 'H NMR spectra of GSE and the reactants. Both the
peak for SA at 2.88 ppm and the peaks for glycerol at 3.4 ppm and 3.25
ppm disappeared after polymerization. A new peak at 12.2 ppm corre-
sponding to carboxylic acid (-COOH) groups appeared. The peaks at 2.7
and 3.1 ppm corresponding to epoxy groups decreased for ~70%. Epoxy
value and acid value of GSE were found to be 0.109 mol/100 g and
0.120 mol/100 g via titration, respectively.

3.2. Compounding of PLA/GSE and rheological properties of the resulting
blends

Fig. S6 shows the torque value versus time during compounding of
neat PLA and PLA/GSE-30 (i.e., GSE is 30 wt% on the basis of total mass)
in a torque rheometer, respectively. Data was collected at 185 °C. After
PLA was melted (at ~2 min), the torque value of the PLA melt largely
remained constant, indicating it is thermally stable at the temperature
and time frame. In contrast, the torque value of PLA/GSE-30 melt started
to increase at ~5 min of mixing, which was due to the crosslinking of
GSE (Fig. S7) and the likely reaction of GSE and PLA at the interface as
well [21]. Fig. S8 shows the change of gel content of PLA/GSE-30 with
compounding time. The gel content changed from 15.7% at 5 min of
compounding to ~22.5% at 10 min, and further increase in com-
pounding time did not result in obvious increase in gel content.
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Fig. 1. (a) Changes of G, G”, and n* of the glycerol-SA-EGDE (“G-S-E”) solution with reaction time at 150 °C; (b) GPC curves of G-S-E solution and GSE. The dash line
indicates the molecular weight (M) of standard polystyrenes. Compared with that of G-S-E solution, the major peak of GSE shifted to lower retention time indicating
the increase of molecular weight; (c) H NMR spectra of glycerol, SA, EGDE, G-S-E solution, and GSE.

Considering the efficiency and potential thermal degradation at high
temperature, all the PLA/GSE blends for the rest of experiments were
prepared with 10 min of compounding. Fig. S9 shows the gel contents of
the PLA blends with different GSE contents. The gel content increased
almost linearly with the increase in GSE loading. The insoluble gel of
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PLA/GSE-30 obtained from the extraction experiment was collected and
hydrolyzed in 0.1 N hydrochloric acid. Fig. S10 shows the comparison of
'H NMR spectra of GSE, PLA and the hydrolyzed gel. The result indicates
the gel phase of the blend was mostly composed of the crosslinked GSE.
However, the signals at 1.58 and 5.15 ppm attributed to PLA were also

Fig. 2. Changes of storage modulus (G'), loss modulus (G”) and complex viscosity (n*) of the prepared (a) neat PLA and (b) PLA/GSE-30 with frequency ranging from
0.05 to 500 rad s~ ! at 170 °C and 190 °C, respectively; (c) digital photos of PLA and PLA/GSE-30 in a convection oven at 170 °C. After 30 s, the PLA/GSE-30 film
(right) still hanged on the shelf; while the neat PLA film (left) melted down.
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noted in the 'H NMR spectrum of the hydrolyzed gel. This result in-
dicates that crosslinked GSE constituted the dispersed phase in the
blend, and the reaction between GSE and PLA also occurred via trans-
esterification at the interface during compounding. Fig. S11 shows the
GPC curves of PLA and PLA/GSE blends. The gel was filtered before test.
It is noted that the molecular weight of PLA phase in PLA/GSE blends
almost remained unchanged (Table S1) indicating that the hydroxy-rich
GSE did not cause hydrolysis of PLA during compounding.

Fig. 2a and b shows the changes of rheological properties of neat PLA
and PLA/GSE blends with frequency ranging from 0.05 to 500 rad s .
Data was collected from 170 to 190 °C, respectively. The n* of neat PLA
melt (Fig. 2a) did not change obviously at frequency below 10 rad s 1.
As frequency increased further, n* started to decrease, and the melt
displayed shear thinning due to the disentanglement of polymer chains.
This is a typical rheological behavior for most pure polymers. With the
addition of GSE, the melt of the PLA/GSE blend exhibited shear thinning
in the whole frequency range of test. In addition to establishing reactive
interfacial compatibilization with PLA by covalent bonds, the hydroxy-
rich GSE can also form H-bonding with PLA which is sensitive to shear
stress. Therefore, all PLA/GSE blends exhibited shear thinning at even
low frequency due to the disturbing of H-bonding and the terminal
phenomenon increasingly departed from the Newtonian fluid behavior
with GSE loading (Fig. S12). It is interesting to note that at low GSE
loading the melt of PLA/GSE-10 exhibited a slightly lower n* with
respect to that of neat PLA. This was because the plasticizing effect of the
uncrosslinked GSE in PLA/GSE-10 outweighed the effect of the cross-
linked GSE. At higher GSE loading, however, the PLA/GSE blends dis-
played increasingly higher n* than the neat PLA, which is due to the
increased gel fraction in PLA/GSE blends.

In addition, at low frequency (0.1 rad s~ 1) neat PLA melt exhibited a
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fluid-like behavior, i.e., G’ > G/, and the melt of PLA/GSE-10 blend
showed a similar behavior though G’ was slightly higher than that of
neat PLA. G’ is a measure of the elasticity and strength of polymer ma-
terial melt, while G” is related to the energy dissipation owing to mo-
lecular mobility in melt. It is noted that G’ of the blend increased steadily
with the GSE content. When GSE loading increased to above 20%, the
PLA/GSE blends exhibited a solid-like behavior as G’ were higher than
G". These results indicated the formation of crosslinked network in the
blend [22]. Video S1 and Fig. 2c show the PLA and PLA/GSE-30 films in
a convection oven. After heating at 170 °C for 30 s, the neat PLA film
melted down, while the PLA/GSE-30 film retained its original shape due
to its solid-like behavior at 170 °C. However, the PLA/GSE-30 film
melted down after heating for 1 min.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.polymer.2020.122980.

3.3. Thermal and mechanical properties of PLA/GSE blends

Results from both DMA (Fig. 3a and b) and DSC (Fig. S13) experi-
ments demonstrate the existences of two glass transitions for all the
PLA/GSE blends, suggesting the phase-separated structure of the blends.
The transition at the lower temperature is associated with the cross-
linked GSE-rich phase, while the one at the higher temperature is
attributed to the PLA-rich phase. Table 1 lists the measured glass tran-
sition temperatures (Ty’s) associated with individual phases. DMA test
generally yields higher Ty values than DSC test, which is a methodo-
logical phenomenon. It is noted that the Ty associated with the GSE-rich
phase showed little change with blend composition, suggesting that this
phase was basically composed of crosslinked GSE. Neat PLA displayed a
T of ~56 °C (DSC), in contrast, the T; associated with the PLA-rich
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Fig. 3. (a) tan § curves and (b) storage modulus curves of PLA and PLA/GSE blends vs. temperature; (c) stress-strain curves of PLA and PLA/GSE blends; and (d)
stress-strain curves of PLA/GSE-20 blends containing different amounts of nano silica; (e) & (f) SEM images of tensile-fractured surfaces of neat PLA and PLA/GSE-30;

(g) & (h) SEM images of cryo-fractured surfaces of neat PLA and PLA/GSE-30.
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phase in PLA/GSE blends displayed a decreasing trend with increase in
GSE loading (Table 1). Because the molecular weight of the PLA-rich
phase remained almost unchanged (Fig. S11), the decrease in Ty was
probably due to the flexibilizing effect of GSE that was dissolved in the
PLA phase.

PLA/GSE blends demonstrated very similar dynamic mechanical
properties like many other PLA blends with flexible polymers or rubbers
[23]. In the glass transition region of the GSE phase, the PLA/GSE blend
displayed obvious reduction in storage modulus (E') that was kind of
proportional to the GSE content in the blend (Fig. 3b), which can be
explained by the presence of flexible GSE in the blend. In the glass
transition region of PLA, the blend experienced a drastic drop in E/,
which was mainly attributed to the amorphous nature of the continuous
PLA phase in the blend. Because of its slow crystallization rate, the
semi-crystalline PLA often presents in amorphous form. DSC results
(Fig. S13 and Table S2) revealed the approximate equality ofenthalpy of
fusion to that of cold crystallization, suggesting that the PLA in the
blends was basically amorphous. The cold crystallization during testing
was also reflected in the recovery of E’ for neat PLA and its blends as the
temperature increased further after PLA was in its rubbery state
(Fig. 3b). The crosslinked GSE promoted the cold crystallization of PLA
as reflected in the lower cold crystallization temperatures seen in both
the DSC thermograms and the change of E' with temperature in the DMA
curves.

Neat PLA exhibited a brittle failure with an elongation at break of
~3.7%, while PLA/GSE blends exhibited a ductile behavior showing a
continuous increase of elongation at break with GSE content (Fig. 3c).
Accordingly, the tensile-fractured surface of PLA (Fig. 3e) was relatively
smooth suggesting brittle failure, while the fractured surface of PLA/
GSE-30 (Fig. 3f) was much rougher suggesting extensive plastic defor-
mation involved in the fracture process. Nonetheless, the improvement
in ductility of PLA by GSE was moderate in comparison with the prop-
erties of many other polymer modifier toughened PLA blend systems.
Fig. S14 shows that all the tested samples displayed tensile whitening
across the gauge length without a clear necking, suggesting the
improved ductility was mainly from the extensive crazing during tensile
test [24-26], which was also consistent with the appearance of plastic
deformation shown in Fig. 3f. Fig. 3h shows a clear phase-separated
morphology for PLA/GSE-30. The dispersed domain size ranged from
5 to 25 pm. The lower ductility in this study was probably related to the
particular phase structure and relatively large domain sizes of the
dispersed phase in PLA. The size and the dispersity of GSE in PLA is
determined by many factors such as compatibility between GSE and
PLA, GSE loading, and compounding conditions (i.e., temperature, time,
and screw speed). To achieve monodispersed particles and a better
mechanical performance of the polymer blends, these factors should be
considered and investigated in the future study.

On the other hand, both tensile strength and modulus of PLA/GSE
blends decreased with increase in GSE content (Table 2), which was
similar to the behaviors of many other reactive compatibilized PLA
blends with flexible/soft polymers [27-29]. To offset the reductions of
tensile strength and modulus associated with addition of GSE, nano
silica (SiO3, 5-15 nm) was incorporated during the synthesis of GSE, and

Table 2
Tensile properties of PLA and PLA/GSE blends.

Sample Strength Modulus Elongation at break
(MPa) (GPa) (%)

PLA 57.9 £ 0.6 35+0.1 3.7+£0.2
PLA/GSE-10 40.0 £ 0.5 3.1+0.1 7.5+ 0.8
PLA/GSE-20 32.4+0.1 25+0.1 11.1 +1.1
PLA/GSE-30 26.0 £ 0.5 22+0.2 23.5+1.9
PLA/GSE-40 19.0 + 0.5 1.6 £0.1 139+1.3

PLA/GSE-20/SiO,- 37.7 £ 0.6 3.2+0.2 15.9 + 0.8
0.5
PLA/GSE-20/Si02-1 38.7+1.6 25+0.1 13.3+£1.0
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the resulting nano silica containing GSE was blended with PLA to receive
reinforced blends. Compared with PLA/GSE-20, the blend PLA/G-
SE-20/Si05-0.5 (containing 0.5 wt% of nano silica based on the total
weight of polymer blend) exhibited increases of 16.4, 28.0, and 43.2%
for strength, modulus, and elongation at break, respectively (Fig. 3d,
Table 2). These results indicate that nano silica at a low loading level is
fairly effective to improve the overall mechanical performance. Nano
silica alone has been well demonstrated as an effective modifier for the
improvements of the mechanical properties of PLA and its polymer
blends [30,31]. Nano silica possesses larger surface area and excellent
compatibility with polymers. At low loading levels, the strong interac-
tion between nano silica and polymer matrix could prevent the growth
of the crack, which leads to the increase of energy absorption during the
mechanical tests and results in the improvements of the mechanical
properties of the polymer blend. In addition, the rigid structure of nano
silica could also contribute to the improvements of strength and
modulus. During the preparation of nano silica containing blends, nano
silica was introduced in the synthesis of GSE, meaning that GSE was
prepared in presence of nano silica. Because the hydroxyl groups on the
surface of nano silica might participate in the reaction [32], the
dispersion of nano silica in the blend system may be a complicated sit-
uation. Nano silica and GSE may both present as individual dispersed
phases in PLA and/or exist in a nano silica core-GSE shell structure
dispersed in the PLA phase. Therefore, PLA toughening is achievable in
either case, and a balanced performance can be achieved as seen in
many reports. It should be mentioned that the mechanical properties did
not increase further with increase of nano silica loading up to 1 wt%.
This was probably because at high loading levels, aggregation of nano
silica particles and the decrease of polymerization rate of GSE com-
promises the reinforcing and toughing effects (Fig. S15 and S16), lead-
ing to the decrease of the mechanical properties of the polymer blend.

3.4. Shape memory of PLA/GSE blends

Prior to testing the shape memory property, the rectangular film
sample with a dimension of ~80 mm x 5 mm x 0.25 mm was deformed
to “U” shape at 80 °C in a convection oven. Subsequently, the “U” shaped
film was wrapped with an aluminum foil to fix the shape. The sample
was then put in a convection oven at 150 °C for 1 h. The aluminum foil
was removed from the sample, and the permanent shape of the film
sample turned to “U” shape due to the plasticity provided by PLA. To
investigate the shape memory property, the film with “U” permanent
shape was flattened at 80 °C and quickly cooled down to room tem-
perature to fix the temporary “—" shape. The shape fixity (Rf) was
calculated following Eq. (2), where 6; represents the angle of the film
after shape fixing (Fig. 4a). The Ry values of all the samples were above
97.8% (Table S3) and comparable to that of other PLA based shape-
memory materials [33,34]. This result indicates the shapes of all sam-
ples were successfully fixed. The temporary “—" shape was then
recovered to the “U” shape at 80 °C in a convection oven. The recovered
angle (6,) was recorded by a camera (Fig. 4a). The shape recovery ratio
(R;) was calculated according to Eq. (3).

0
Rf =— 1 2
f TR 00% (2)
0; — 0,
R, = ’0 x 100% 3)

Fig. 4b shows the R; vs. time for PLA and the PLA/GSE blends. Neat
PLA exhibited a certain shape memory property, and the maximum R,
value was only ~78%. The shape memory of neat PLA is because (1) the
physical entanglements of long PLA chains for the storage of internal
stress, and (2) the polymer chains between the entanglements can be
stretched to afford deformation [35,36]. Most reported SMPs possess a
R; value above 90%, therefore the shape memory property of PLA is
poor. As the increase in GSE content, both the maximum R; value and
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Fig. 4. (a) Shape recovery of neat PLA and PLA/GSE-30 for the testing of recovery ratio; (b) Shape recovery ratio of PLA/GSEs as a function of time at 80 °C; (c)
Shape memory images of PLA/GSE-30 under visible light (left) and UV light (right, 365 nm).

the shape recovery rate increased. PLA/GSEs —30 and —40 exhibited a
maximum R; of ~97%, and their shape was recovered for ~80% in just
10 s, indicating their satisfactory shape memory property. The R¢ values
of PLA/GSEs —30 and —40are also comparable to that of other reported
PLA based shape memory materials [2,37]. Fig. 4c and Video S2 provide
a visualized version for the shape memory behavior. At the beginning,
PLA/GSE-30 films with permanent shape of “W-S-U” were flattened at
above T,. Upon cooling below Ty, the temporary shape of the films was
fixed. Subsequently, the PLA/GSE-30 films were moved to a heating
plate with a temperature of 80 °C (above Tj) to allow the quick recovery
of the shape to “W-S-U”. The satisfactory shape memory property of
PLA/GSE blends could be related to the following reasons: (1) the
crosslinked GSE temporally stored the internal stress induced by
deformation; (2) the reactive compatibilization at interface facilitied the
efficient transfer of the stress between the two phases during the shape

(a) 800 —— Neat PLA
—— PLA/GSE-10
= —— PLA/GSE-20
S 6001 —— PLA/GSE-30
K —— PLA/GSE-40
E, — Crosslinked GSE
2 4004
.
200
0 T T T
400 450 500 550 600
Wavelength (nm)
((ON GsE

exposure time = 2000 ms

deformation and recovery; (3) the PLA/GSE blends possessed a lower
rubbery modulus (Fig. 3b) than neat PLA, so less stress was needed
during the shape recovery. Fig. 4c shows the shape memory of
PLA/GSE-30 under UV lamp (365 nm), and strong blue fluorescence was
emitted from the PLA/GSE-30 film, which will be further discussed in
the next section.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.polymer.2020.122980.

3.5. Light emission of PLA/GSE blends

Neat PLA only emits negligible fluorescence (Fig. 5a). After com-
pounded with GSE, the resulting PLA/GSE blends displayed a stronger
fluorescence intensity which increased with GSE concentration
(Fig. 5b). This result indicated that the fluorescence behavior was

(b) &0 s iee
= 4 o0
3 6004 9
L A 8
2 4001 60 =
E * [30
£ 200] a . 30: &
*
A
0] * lad -0
0 20 40 60 80 100

()] CrosslinkediGSE

GSE content (%)

exposure time = 2000 ms

Fig. 5. (a) Fluorescence spectra of PLA blends and crosslinked GSE (0.25 mm films); (b) The changes of fluorescence intensity and gel content with GSE content;
digital photos of (c) GSE and (d) crosslinked GSE film under UV lamp (365 nm). The images were taken from Nikon D3200 camera with the exposure time of 2000

ms, the aperture of f/4.0, and the ISO of 100.
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largely related to the crosslinked GSE phase. To better understand the
fluorescence behavior, the change of fluorescence intensity of GSE
before/after self-crosslinking were investigated. First, none of the
starting monomers for GSE preparation (glycerol, EGDE and SA) exhibits
any fluorescence (Fig. S17). The GSE before crosslinking exhibited a
weak light absorption in the range of 300-400 nm (Fig. S18) and emitted
no fluorescence under UV light (365 nm) (Fig. 5¢c and S19). After self-
crosslinking, the resulting GSE film (~0.25 mm in thickness) showed
greatly enhanced light absorption (Fig. S18) and strong fluorescence
emission (Fig. 5d). These results indicate that the strong fluorescence
from PLA/GSE blends is derived from crosslinked GSE phase. Similar
polymerization or crosslinking triggered fluorescence was also reported
by Zhu et al. and Liu et al. [38,39]. The crosslinking reaction bonded the
GSE molecules together as a whole to yield a significantly enhanced CTE
phenomenon (Fig. S20).

It is worth noting that PLA/GSE-40 emitted even stronger fluores-
cence than the neat crosslinked GSE (Fig. 5a and b), indicating that the
polyester structure of PLA is capable of enhancing the CTE effect. This
phenomenon is further proved by the changes of fluorescent intensity
and gel content with GSE loading from Fig. 5b. It is noted that the gel
content, ascribed to the crosslinked GSE-rich phase, has a linear corre-
lation with GSE loading. If the fluorescence intensity was simply the sum
of the one part from the GSE-rich phase and the other part from PLA-rich
phase, the fluorescence intensity changed with GSE loading would be
linear. However, the results showed the fluorescence intensity of all the
PLA/GSE blends were higher than the linearly predicted values, indi-
cating that the compatibilized interphase between the PLA and GSE
phase promotes the clusterization phenomenon which enhances the
fluorescence intensity (Fig. 6). Therefore, reactive compounding is
believed to be a facile strategy to convert PLA to fluorescent polymer by
taking advantage of the enhanced CTE effect.

4. Conclusions

A multifunctional prepolymer (GSE) was prepared by bulk

”GSE molecule
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polymerization of glycerol, succinic anhydride and ethylene glycol
diglycidyl ether in a catalyst-free and solvent-free process. The prepared
GSE was then compounded with PLA. Because GSE contained epoxy
groups, carboxyl groups and hydroxyl groups, it could undergo self-
catalyzed crosslinking during compounding with PLA and enable reac-
tive compatibilization at interface between GSE and PLA. The cross-
linked GSE was elastomeric and dispersed in PLA. The PLA/GSE blends
exhibited notable improvement in ductility but reductions in strength
and modulus. To offset the reductions of strength and modulus, nano-
silica was added during the compounding process. With addition of
0.5 wt% nano silica to the PLA/GSE-20 blend, and strength, young
modulus, and elongation were respectively improved by 16.4, 28.0 and
43.2% compared with that of the neat PLA/GSE-20 blend. In addition,
the introduction of GSE brought shape memory and fluorescence prop-
erties to PLA. The shape memory property was mainly attributed to the
following two factors, the improved toughness that afforded a large
deformation for the PLA blend and the crosslinked GSE as a dispersed
phase temporally stored the internal stress induced by deformation.
PLA/GSE blends exhibited interesting fluorescence. As the increase in
GSE loading, the fluorescence intensity increased. PLA/GSE-40 which
contained 40% GSE by weight exhibited stronger fluorescence than the
crosslinked GSE. The fluorescence was mainly from GSE, and the well
compatibilized interface in polymer blend further enhanced the fluo-
rescence. The PLA blend developed in this work possesses unique shape
memory and fluorescence properties the conventional PLA does not
have. This novel PLA blend may find certain advanced applications, such
as 4D printing, soft actuators, implantable scaffold, fluorescent marker,
monitoring the biodegradation process of PLA, and fluorescence probe,
etc.
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