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Abstract

Effects of UV/photo-initiator treatments on crystal formation and properties of polylactide (PLLA) films are investigated.
Camphorquinone and riboflavin photo-initiator solutions in methanol are employed in the treatment of amorphous quenched
PLLA films. Results from FTIR, ATR-FTIR, DSC, XRD, and SEM show evidence of crystalline domain formation dispersed
throughout the film. '"H NMR and GPC results suggest that the molecular weights of the polymer slightly decrease after the
treatment. This indicates that the treatment leads to a diffusion of the photo-initiators molecules through the film matrix,
resulting in a low degree of PLLA chain scissions, and formation of carboxylic acid and hydroxyl polar end groups. This,
in turn, induces PLLA crystallization, which imposes profound effects on surface wettability and physical and mechanical
properties of the samples. The process can be applied in optimizing properties of PLLA films with shorter treatment times,
compared to other methods, which is suitable for use in various fields; especially those that require specific characteristics

like biomedical, packaging and environmental applications.
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Introduction

In recent times, consumption volumes of biopolymers are
growing tremendously. Among these, polylactide, PLLA, a
thermoplastic aliphatic polyester, is one of the most popu-
lar. The material is derived from lactic acid, obtained from
microbial fermentation of renewable agricultural raw mate-
rials [1-3]. PLLA exhibits various outstanding properties;
such as biodegradability, biocompatibility, easy processabil-
ity, good mechanical properties, and low carbon emission
during its production [4-7]. The materials is widely used in
biomedical and environment-friendly (as an alternative to
petrochemical-based plastics) applications [8—10], for exam-
ple, in drug delivery systems, nanofibers tissue scaffold,
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implant devices for bone fixation, industrial packaging mate-
rials, paper coatings, films, and sustained release systems for
pesticides and fertilizers [11-15].

To extend its application areas, many researchers have
studied oxidative, hydrolytic, and enzymatic properties,
thermal degradation, and crystallization behaviors of PLLA-
based materials [16—-27]. For biomedical applications, effects
of gamma, beta, and laser radiations on PLL.A-based materi-
als have been investigated [28—-31]. Although many PLLA
materials used in outdoor applications are directly exposed
to ultraviolet (UV) radiation, only a few recent works have
been reported regarding the effects of UV light on proper-
ties deterioration and degradability of the materials [32-36].
Copinet et al. [32] reported that degradation rate of PLLA
was enhanced by UV treatment, reflected by a rapid decrease
in its weight-average molecular weight, glass transition tem-
perature (Tg), and elongation at break. Yasuda et al. [33]
reported a faster reduction of molecular weight, along with
a gradual loss of optical purity in PLLA chains under UV-C
irradiation. Recent work performed on PLLA-TiO, nano-
composites films revealed that both accelerating and shield-
ing effects of UV irradiation were observed, mainly depend-
ing on the method of composite preparation [34-36]. To the
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best of our knowledge, there has been no quantitative study,
along with in-depth qualitative research on the impact of UV
irradiation on structures and properties of PLLA films in the
presence of photo-initiators.

In this work, effects of treatments by two photo-initiator
solutions under UV light on crystallinity enhancements of
PLLA films are investigated. Camphorquinone and ribo-
flavin photo-initiators are employed. Mechanisms of this
crystallization enhancement and its effects on the material
properties are examined, in terms of molecular structures,
morphology, thermal properties, surface properties, and
mechanical behaviors. The process can be further applied
in modifications of PLLA properties for various applica-
tions; especially those that require specific characteristics
like biomedical, packaging and environmental applications.

Experimental
Materials

Commercial poly(L-lactide), PLLA, was purchased from
NatureWorks Co. Ltd. (USA). Riboflavin (RF) photo-initi-
ator and N,N,N',N'-tetramethylethylenediamine (TEMED)
co-initiator (Acros, Thermo Fisher Scientific, USA), ammo-
nium persulfate (APS) RPE-ACS (Carlo) thermal-initiator,
camphorquinone (CQ) photo-initiator (Esstech Inc., USA),
and N,N'-dimethylaminoethyl methacrylate co-initiator
(Fluka, USA) were used as received. Commercial grade
methanol (MeOH) and ethanol (EtOH) solvents (Italmar co.,
Ltd., Thailand) and deionized water (DI water) were used
throughout this work.

Sample Preparations

PLLA films were prepared in a Compression Molding
Machine (model PR2D-W300L300HD-WCL, Chareontut,
Thailand) by placing pellets (6.5-7.0 g) between two stain-
less steel plates lined with PET transparency films. The
samples were pressed at 190 °C for 14 min at a pressure of
2150 psi, and then cooled down to room temperature. The
average thickness of the resulting films was 0.22 mm.
UV-induced crystallization (and slight degradation) of
PLLA films were investigated by employing photo-initiator
solutions, prepared by dissolving 0.1 g of initiator(s) and
0.1 mL of co-initiator in 100 mL MeOH solvent. Two dif-
ferent initiator(s)/co-initiator systems, i.e., CQ/DMAEMA
and RF-APS/TEMED were employed. In the treatment pro-
cess, PLLA films were first surface activated by UV light
(254 nm) at room temperature for 20 min, using a Spec-
tronics Corp., USA model: ENF-260C/FE. The films passed
through this process are defined as irradiated PLLA films.

@ Springer

To examine UV-induced crystallization behaviors, 20 mL
of a specific initiator solution was poured to completely
cover the UV-activated films in a petri dish. The samples
were then further irradiated under UV light for 20 min. After
that, the samples were intensely washed with DI water and
then EtOH to remove residual chemicals. The films passed
through the treatment using the CQ-system are defined
as CQ-treated PLLA, and those using the RF-system are
noted as RF-treated PLLA. All films were finally dried in a
vacuum oven at 40 °C for 48 h, and kept in a desiccator for
further characterization.

Characterizations

Changes in molecular weights and molecular weight dis-
tributions (ﬁn, Mw and PDI) of PLLA films before and
after treatments were examined by gel permeation chroma-
tography (GPC) on a Waters 150-CV gel permeation chro-
matograph. THF was used as the solvent with a flow rate
of 1 mL/min. Mono-dispersed polystyrene was employed
as a standard. X-ray diffraction (XRD) was conducted on a
JEOL JDX-3530 diffractometer, using a monochromatic Cu
Ka X-ray source at 40 kV and 30 mA. The samples were
scanned from 20 of 5°-30° with a 0.02 step size. Thermal
behaviors of the films were observed by differential scanning
calorimetry (DSC) on a DSC822°¢ (Mettler Toledo Instru-
ments). The samples were scanned with a double cycle of
heating from —20 to 170 °C at a heating/cooling rate of
10 °C/min, under N, atmosphere of 60.0 mL/min.
Cross-sectional topography of the films was examined
by scanning electron microscopy (SEM), using a Hitachi
SUB000 scanning microscope. The films were broken down
with the aid of liquid nitrogen and mounted on adhesive
carbon black on metal stubs. The samples were dried in a
vacuum oven at 40 °C overnight and sputter-coated with a
10 nm gold layer for cross-sectional observation. Chemical
structures and interaction of the samples were investigated
using fourier transform infrared (FTIR) spectroscopy on a
Thermo Scientific Nicolet iS5, equipped with iD1 transmis-
sion and iD5 attenuated total reflectance (ATR) (diamond
crystal) accessories. All spectra were recorded with 64 scans
at a 2 cm™! resolution. 'H nuclear magnetic resonance (‘H
NMR) spectroscopy was used to examine the polymer’s
microstructures and the origin of crystallization. The spectra
were taken on an AVENCE 300 MHz digital NMR spec-
trometer (Bruker Biospin; DPX-300, Rheinstetten, Ger-
many) using deuterated chloroform (CDCl;) as a solvent.
Tensile properties of the films were measured using a
universal tensile machine (Tinius Olsen Bench Machine:
model H5K-T UTM), according to ASTM D882-10, with
a crosshead speed of 50 mm/min, using rectangle-shaped
specimens with 50 mm gauge length and 15 mm width. The
average values of at least 10 specimens for each batch of
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samples were used. Surface hydrophilicity of the films was
analyzed through a water droplet contact angle at pH 4, 7,
and 10. At least ten repetitions were measured and reported
for each sample.

Results and Discussion

Effects of UV irradiation on degradation of PLLA chains
are first examined. GPC chromatograms of neat PLLA in
comparison with a CQ-treated sample, provided as support-
ing data, show a slight shift of the distribution peak toward
longer elution time, with no apparent secondary peak. The
results on average molecular weights, as summarized in
Table 1, indicate a decrease of both Mn and Mw of about 10
and 16%, respectively, after the treatment. This reflects deg-
radation of PLLA chains during the CQ-treated process. The
Polydispersity Index (PDI) remains significantly unchanged,
suggesting that chain scissions occurred randomly along the
polymer chains.

It is clearly observed that after the treatments, both treated
PLLA films became opaque (almost completely white),
whereas neat PLLA and irradiated PLLA films remained
transparent. This is likely due to differences in crystalline

Table 1 GPC results of average molecular weights of neat and CQ-
treated PLLA samples

Samples Mn Mw PDI

Neat PLLA
CQ-treated PLLA

95,820
86,140

200,340 2.1
168,210 2.0

Fig.1 XRD diffractograms of
neat PLLA (a), irradiated PLLA
(b), CQ-treated PLLA (c), and
RF-treated PLLA (d) films

structures of the samples. To verify this, all film specimens
were characterized by XRD. Both neat PLLA and irradiated
films show a broad amorphous halo with a very weak dif-
fraction peak at 16.8°, as shown in Fig. 1. This reflects that
UV radiation alone has no effect on promoting the crystal-
lization of PLLA. In contrast, the corresponding spectra of
CQ-treated and RF-treated films show three sharp signals at
14.7°,16.5°, 18.9°, and 22.2°, corresponding to (010), (110)/
(200), (203), and (205) planes of the a-crystalline form [19,
35]. This indicates much higher crystallinity of the treated
films.

The neat and irradiated PLLA films exhibit roughly 2%
crystallinity, whereas a drastic increase in the values to 34.8
and 37.3% is observed for the CQ-treated and RF-treated
PLLA films. This implies that the original film is almost
completely amorphous, as it is quenched after the compres-
sion process. The UV-irradiated treatment without photo-
initiator does not promote crystallization, while the CQ and
RF treatments can induce formation of semi-crystalline
structures. In other words, crystallization of PLLA can be
initiated by UV/photo-initiator treatments at room tempera-
ture, at a much shorter time (shorter than 40 min), compared
to other processes, such as annealing.

Effects of photo-initiator treatments on thermal proper-
ties of PLLA films are studied, in which their DSC thermo-
grams are shown in Fig. 2, and the results are summarized
in Table 2. The glass transition temperature (T,), melting
temperature (T,,), and the degree of crystallinity (X,), are
measured separately from both 1st and 2nd heating thermo-
grams. In the calculation of crystallinity (%), the enthalpy of
fusion per mole of PLLA of the infinite size perfect crystal
of 93.0 J/g, is employed [37].

(110)/(200)

Bragg angle 20 (degree)
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Fig.2 DSC Ist and 2nd heating
thermograms of neat PLLA (a), (i) 1%t heating thermograms (ii) 2" heating thermograms
CQ-treated PLLA (b), and RF-
treated PLLA (c) films
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Tab'le 2 Thermal properties Samples Ist heating cycle 2nd heating cycle
derived from Ist and 2nd
heating DSC thermograms of T,(°C) T,AD(CC) T,AD(CC) X (%) T,(°C) T,AHCC) X (%)
neat PLLA, CQ-treated PLLA,
and RF-treated PLLA films Neat PLLA 62.3 138.7 153.7 1.5 62.7 126.7 0.6
CQ-treated PLLA  64.4 146.7 152.7 26.0 63.5 152.7 2.9
RF-treated PLLA 65.8 146.7 152.7 27.2 63.6 153.3 4.3

The treated films have higher T, and crystalline contents,
compared to neat PLLA in both 1st and 2nd heating cycles.
The 1st scan data provides information on the actual crys-
talline state of the samples. As a result of the treatment,
the crystallinity increases up to 24.2 and 25.3% in the CQ-
treated and RF-treated PLLA films, respectively, from 1.5%
of the starting neat PLLA. This reflects a remarkable trans-
formation of the amorphous region into crystalline domains
through the treatments. With the aid of methanol solvent
penetration into the bulk of PLLA matrix, initiator/co-ini-
tiator promotes PLLA chain scission under UV irradiation.
The newly-formed carboxylic acid and hydroxyl end groups
trigger crystallization process simultaneously. The simulta-
neous chain scission and crystallization process is termed as
chemicrystallization [16]. As the crystallinity increases, the
movements of chain segments become constrained, reflect-
ing the increase in Tg, from 62.3 °C in neat PLLA, to 64.4
and 65.8 °C in the CQ-treated and RF-treated PLLA films.

It is also observed that in the 1st heating thermograms,
double melting endotherms, T, (I) and T, (II) are clearly
detected in neat PLLA film at 138.7 and 153.7 °C. However,
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in the treated films, the 1st peak resolved as a shoulder at
146.7 °C of a strongly noticeable 2nd peak at 152.7 °C.
These two endotherms in neat PLLA are related to the melt-
ing of two distinct initial crystalline structures of PLLA, i.e.,
the disordered o crystalline form and ordered o crystalline
form, respectively [27, 38, 39]. The less stable a' form is
likely a result from low degree crystallization during the
UV treatment. Aging behavior is observed as an endotherm
after the glass transition. This indicates that the chains are
attempting to crystallize, however, restriction of chain move-
ments leads to incomplete formation of crystalline domains.
In CQ-treated and RF-treated PLLA films, a much higher
amount of ordered « crystal is formed, which induce crystal-
lization of the chains.

Unlike the st heating scans, the corresponding thermo-
grams from the 2nd heating cycle show the crystallization
behavior of PLLA chains, regardless of their thermal history.
A single melting peak T, is observed in all samples. Neat
PLLA shows only a weak o’ melting peak, indicating that the
applied cooling rate is not slow enough for crystalline forma-
tion. The treated samples, however, show a form crystals,



Journal of Polymers and the Environment (2018) 26:2793-2802

2797

which can be formed during these DSC experiments, indi-
cating the presence of effective crystallization nucleation.
The T, value and crystallinity also slightly increase in the
2nd heating cycle for the treated films. From neat PLLA
to treated samples, T, increases approximately 1 °C, due
to the formation of crystalline domains and strong specific
interactions (likely hydrogen bonding) induced by the newly-
generated end groups, which can act as physical crosslinks
in restricting chain segmental movements.

SEM micrographs, as shown in Fig. 3, illustrate the cross-
sectional morphology of treated films. Profound changes
are clearly observed, in which a transition from amorphous
structure to semi-crystalline domains is reflected as white
areas dispersed throughout the matrix. This is evidence that
a transformation has taken place because of chemicrystal-
lization of the PLLA chains during the treatments. In addi-
tion, the results suggest that crystalline domains are not only
confined at the edges of the treated films, but also spread
over the whole cross-sectional area. The CQ-treated film has
large crystalline domains, approximately 2 pm, with lower

Neat PLA film

1 um

CQ-treated PLA film

density, while the corresponding RF-treated film shows
densely populated domains, but with much smaller sizes.

Crystallization mechanisms and interactions are char-
acterized by FTIR spectroscopy. Figure 4(i) shows trans-
mission spectra of the O—H stretching and C=0 overtone
modes, in which difference spectra of all treated samples
after subtraction of the neat PLLA characteristics are also
shown. Both treated samples show a distinct sharp O-H
stretching band at 3294 cm™!. This is not observed in the
irradiated PLLA spectrum, suggesting that it originates from
the photo-initiator treating process, likely -OH of isolated
carboxylic acids. The C=0 overtone bands also occur in
this region, whose band characteristics are strongly depend-
ent on the carbonyl environment and interactions [24, 40].
The splitting patterns of bands at 3646, 3561 and 3510 cm™!
of the treated-neat PLLA (c-a and d-a) are clearly differ-
ent from that of the corresponding irradiated-neat PLLA
(b-a) spectrum. This firmly indicates the formation of hydro-
gen bonding interactions, as a result from extra crystalline
formation.

RF-treated PLA film

Fig.3 Cross-sectional SEM micrographs of neat PLLA, CQ-treated PLLA, and RF-treated PLLA films, at different magnifications
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(1) Transmission: O-H stretching and C=0 overtone region

(i) ATR: C-H stretching region
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(iii) ATR: C=O stretching region
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Fig.4 FTIR spectra measured in transmission mode (i) of neat PLLA
(a), irradiated PLLA (), CQ-treated PLLA (c), and RF-treated PLLA
(d) films, and their difference spectra after subtraction of neat PLLA

ATR-FTIR spectra in the C—H stretching region of the
films are shown in Fig. 4(ii). The neat and irradiated PLLA
show bands at 2995 and 2945 cm™! aroused from asym-
metric and symmetric stretching of —CH; groups, and at
2880 cm™! from the stretching of ~C—H bonds of PLLA.
The intensity of these bands slightly decreases in the treated
samples, and two new C—H stretching bands are developed
at 2917 and 2850 cm™! [17]. These findings are indicative
of slight degradation of PLLA chains. It is noted that these
two bands may be associated with residual methanol solvent
in the film matrix.

Figure 4(iii) shows characteristic C=0 modes of PLLA,
which are sensitive to chain conformation and interactions.
After treatments, the 1746 cm™" band splits into two bands
at 1746 and 1756 cm™'. Rasselet [16] reported that the band
at 1756 cm™! is attributed to the lowest energy gauche-
trans (gt) conformation of the crystal structure, whereas the
1746 cm™' mode is due to the trans—trans (tt) conformation
of the amorphous domains [26]. Bocchini et al. [17] and
Gardette et al. [41] identified a C=0 band at 1845 cm™'
when PLLA was oxidized by UV irradiation. However, no
such band is observed in the spectra of our treated samples,
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characteristics. ATR-FTIR spectra of the corresponding samples in
the C—H stretching (ii), the C=0 stretching (iii) and finger print (iv)
regions

indicating these treated films experienced a much less severe
degradation mechanism.

The appearance of a band at 921 cm™! and splitting of
bands at 751 and 691 cm™" are direct indicative of PLLA’s
crystalline formation [16, 42]. Figure 4iv illustrates that neat
and irradiated PLLA show only a weak band at 921 cm™!,
whereas the band intensity of this mode becomes very strong
in both treated samples. The 751 and 691 cm™! bands also
become sharper and show a splitting pattern. The results
firmly indicate the formation of crystalline domains. In addi-
tion, the relative intensity of the 921/956 cm™! mode from
both transmission (not shown) and ATR spectra are compa-
rable. Given that the penetration depth of ATR measurement
is around 200 um from the surface, while the transmission
spectra show absorption characteristics of the bulk film, the
newly-formed crystalline domains are dispersed throughout
the films, not concentrated only at the film’s surface.

"H NMR analysis is used to study the polymer’s micro-
structures. The spectra of neat PLLA and CQ-treated sam-
ples are shown in Fig. 5. Three characteristic signals of
PLLA are observed in both neat PLLA and CQ-treated sam-
ple. The signals of lactate methyl (H*) and methine protons
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Fig.5 '"H NMR spectra of neat PLLA (a), and CQ-treated PLLA () films

(HP) are located at 1.5-1.7 and 5.1-5.2 ppm, whereas a weak
peak at 4.3—4.4 ppm (inset) is accounted for the chain end
methine protons (H®) [43]. Besides these, there are two addi-
tional signals at around 3.4 and 3.7 ppm in the CQ-treated
PLLA spectrum (inset). These are identified as methylene
of ethanol (used to wash the treated film) and methyl pro-
tons of methanol solvent [44]. The presence of these peaks
reflects that during the treatment, methanol molecules play
a significant role in penetrating the films and facilitate the
diffusion of the initiator molecules, to induce the nucleation
stage of crystallization. After crystallization, however, trace
amounts of these molecules may still remain in the sample.
It is noted that without photo-initiators, these alcohol mol-
ecules cannot initiate the crystallization. Most importantly,
no other spectral characteristics can be detected, and the
calculated values of the lactate repeat units (H/H®) of neat
PLLA and the treated samples are similar. This ensures that
a slight degree of chain scissions occurs, which in turn play
a key role in promoting crystallization.

To examine the mechanical properties of the treated sam-
ples, stress—strain curves of neat PLLA, CQ-treated PLLA,
and RF-treated PLLA films are compared in Fig. 6(i). All
three films exhibit semi-crystalline behavior, in which
a yield point is observed before breaking of the samples.

The tensile strength and modulus decrease moderately from
neat PLLA (62.4 MPa) to treated PLLA samples (56.9 and
58.0 MPa for the CQ-treated and RF-treated PLLA films,
respectively). This may be directly related to the slight chain
scissions taking place during film treatments. The modulus
also decreases as a function of the treatments from 1.91 GPa
to 1.86 and 1.88 GPa for the CQ-treated and RF-treated
samples, respectively. This is explained by the generation
of micro-voids during the methanol solvent penetration into
the film matrix. Although, enhancement in crystallization is
observed, but there may be other drawbacks.

In contrast, the elongation at break of neat PLLA film
(4.6%) increases modestly to 5.6 and 5.5%. The break energy
values also increase from 1.7 to 2.1 and 2.0 TJ/m?, respec-
tively. This is likely a result of the formation of crystalline
domains and strong hydrogen bonding, induced by more
—OH and —COOH chain ends. It is noted that chain move-
ments during the treatment process, allow the relaxation of
stress that was imposed on the films during the preparation
step, which may affect the enhancement of these properties.

Surface properties of the film samples before and after
treating with photo-initiator solutions are examined. Results
for water contact angle, measured at room temperature

@ Springer
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Fig.6 Stress versus strain behavior (i) of neat PLLA, CQ-treated PLLA, and RF-treated PLLA films. The results on tensile strength, elongation
at break (ii) and break energy, E modulus (iii) of neat PLLA, CQ-treated PLLA, and RF-treated PLLA films

(using water droplets at pH of 4, 7 and 10), of neat PLLA
and treated samples, are summarized in Fig. 7. Neat PLLA
and irradiated films show comparable surface wettability,
reflected by a similar contact angle of ~68°. This strongly
agrees with other results previously discussed that minimal
structural changes occur, especially at the surface, when the
film is only treated by UV without the photo-initiators. For
the same film samples, the values slightly increase with an
increase in pH of the water droplets, reflecting the slight
negatively-charged nature of the surface.

The UV/initiator treated PLLA films, however, have
much lower contact angle values, compared to the initial
neat PLLA, indicating their more hydrophilic surface. When
water droplets at pH of 7 are employed, values of 65.7° and
64.5° are observed for the CQ-treated and RF-treated PLLA
films, respectively. More remarkable decreases to 63.9° and
63.6° are obtained when acidic water is used. This is likely
due to the presence of newly-generated polar end groups
from chain scissions. Also, for the same treated sample, the
contact angle markedly increases with an increase in pH of
the water droplets. This strongly confirms that the treated
film surfaces are negatively charged, due to high contents of
terminal —-OH, —COOH, and carboxylate derivatives.
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It is worth to mention that the remaining initiators in the
treated films may play some roles on the properties of the
treated films. To verify this, a standard quantitative tech-
nique for evaluation of the initiators contents in the treated
films has been developed. The results confirm that at the
applied concentration, only trace amounts of photo-initiators
remain on the treated films. However, when the concentra-
tion of the photo-initiators is increased, a significant increase
in the crystallinity of the treated PLLA films is observed.
Detailed investigation into this will be reported in a separate
publication.

Conclusions

The application of UV/photo-initiators treatments to PLLA
films leads to an enhancement in crystalline content of the
amorphous quenched films. The results from FTIR, ATR-
FTIR, DSC, XRD, and SEM show evidence of crystalline
domains formation throughout the film matrix, not limited
to the film surface. The molecular weights of the polymer
slightly decrease after the treatment. In contrast, the use
of only UV light does not show any noticeable changes in
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Fig.7 Water contact angle, 74
using water droplets at various

pH values, of neat PLLA, irradi-
ated PLLA, CQ-treated PLLA, [
and RF-treated PLLA films 70 4 [

66 -

Contact angle (0) in degree
N
S
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mpH4

OpH 7 OpH 10

Neat PLLA film

properties of the films. It is, therefore, concluded that the
treatment leads to a diffusion of the photo-initiators mol-
ecules through the film matrix, facilitated by solvent mol-
ecules. This results in a low degree of chain scissions, gener-
ating carboxylic acid and hydroxyl polar end groups, which
in turn act as nucleating agents to induce crystallization of
PLLA chains. Both CQ and RF photo-initiators undergo
similar mechanisms, with slight differences in sizes of their
visible domains. These induced crystalline domains impose
profound effects on surface wettability and the physical and
mechanical properties of the samples. The process can be
applied in optimizing properties of PLLA films with shorter
treatment times, compared to other methods, suitable for use
in various applications.
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