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Glycidyl-based chain extenders are broadly used as processing aids to enhance the physical properties of
polyesters, but glycidyl-containing compounds have severe toxicity concerns. Reported herein are glyci-
dyl-free chain extenders produced via the grafting of 9-(oxiran-2-yl)nonyl methacrylate (EAT) and 8-(3-
octyloxiran-2-yl)octyl methacrylate (EAI) on biodegradable poly(e-caprolactone) (PCL). EAl and EAT were
grafted onto PCL via free radical grafting using melt extrusion to produce PCL-epoxy-grafted PCL-g-EAI
and PCL-g-EAT. The obtained PCL-g-EAl and PCL-g-EAT were characterized by H nuclear magnetic
resonance (NMR) spectroscopy, intrinsic viscosity measurements, thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC) and size exclusion chromatography (SEC). Using reactive melt
extrusion, PCL-g-EAIl and PCL-g-EAT were tested as potential chain extenders for poly(lactic acid) (PLA).
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PCL-g-EAI showed comparable or better mechanical properties than those of the commercial chain
extender Joncryl ADR. A cytotoxicity assay has been conducted on PLA samples with the new chain
extender and showed the absence of cytotoxicity in all samples. The outcomes reported in this paper

rsc.li/greenchem offer new opportunities for the development of safer chain extenders.
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1. Introduction

Poly(lactic acid) (PLA) is a biobased aliphatic polyester that is
produced from renewable resources." PLA is biocompatible,
biodegradable, non-toxic and has high-performance mechani-
cal characteristics. Consequently, it is utilized in various appli-
cations, including textiles, packaging, and healthcare.>
However, its lower toughness (impact strength and elongation
at break) and high cost limit the application of PLA as a com-
modity polymer.® Therefore, various attempts have been made
to enhance these properties, such as chemical modification
and blending.*” PLA was treated with methacryloyloxyethyl iso-
cyanate and trimethyl hexamethylene diisocyanate to obtain a
ductile PLA and enhance its mechanical properties.®” PLA’s
rheological, thermal, and mechanical properties and mole-
cular weight were improved after incorporating a chain exten-
der (poly aryl-polymethylene isocyanate).® Polycarbodiimide
and tris(nonyl-phenyl) phosphite were used as chain extenders
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for PLA systems, which enhanced their linear viscoelastic and
thermal properties.” Moreover, a multifunctional oligomeric
epoxy-styrene-acrylic reactive chain extender was used to
increase the complex viscosity, elasticity, and elongational vis-
cosity of PLA polymers."”'" In addition, PLA was chain
extended by styrene-acrylonitrile-glycidyl methacrylate (S-
ACN-GMA) via the melt-mixing method to enhance its melt
viscoelasticity and crystallization behavior."*

Jonceryl ADR chain extenders containing epoxide groups are
some of the most widely used commercial additives for the
chemical modification of polyesters to improve their mechani-
cal and thermal behavior."*> Yahyaee et al.'® enhanced the
poor melt characteristics of PLA with two chain extenders, pyr-
omellitic dianhydride, and Joncryl ADR. The authors indicated
that the chain extension reactions increased the molecular
weight and elongational rheological characteristics.
Benvenuta-Tapia et al.'” used poly(S-co-GMA-b-S) copolymers
as chain extenders for the recycling of PLA via melt extrusion.
This chemical modification improved the viscosity and elastic
modulus of the modified PLA. However, Joncryl ADR chain
extenders use GMA as the functional monomer, which upon
hydrolysis/degradation forms glycidol. Unfortunately, glycidol
derived from GMA is a carcinogen (according to an NTP
report),'® which is why glycidyl-free chain extenders are
required. Moreover, GMA-based polymers are non-bio-
degradable and, therefore, biodegradable alternatives can offer
environmental benefits."® This work opens new opportunities

This journal is © The Royal Society of Chemistry 2024
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for improving the performance of biodegradable PLA polymers
without the addition of harmful glycidol-based ADR chain
extenders. The new material can be used in food packaging
applications.

In this article, we report the development of polycaprolac-
tone (PCL)-based epoxy chain extenders that are glycidyl-free.
PCL has been selected as the backbone polymer because it
offers numerous beneficial properties such as biodegradability
and non-toxicity along with other properties such as excellent
rheological and viscoelastic attributes.”>*" While PCL blends
with starch and PLA have been reported before,**** PCL-epoxy
has not been used as a chain extender. Our novel PCL-epoxy
was synthesized and tested in PLA in small amounts (1 phr or
less). The effects of new PCL-grafted additives on the thermal
and mechanical characteristics of PLA were examined.

2. Experimental section

2.1. Materials

11-Hydroxy-1-undecene (98%), cis-9-octadecen-1-ol, 3-chloro-
perbenzoic acid (<77%), 4-(dimethylamino)pyridine (DMAP),
methacrylic anhydride (94%), dicumyl peroxide (DCP, 98%),
benzoyl peroxide (BPO, >98%), xylenes (>98.5%), and polycapro-
lactone (PCL, average M, = 80000 Da) were purchased from
Sigma-Aldrich. Chloroform and ethyl acetate (HPLC grade) were
purchased from Fisher Chemical. Poly(lactic acid) (PLA) (Ingeo™
Biopolymer 3001D) was purchased from NatureWorks LLC. PLA
has a melting temperature of 200 °C and MFI of 22 g per 10 min
(210 °C, 2.16 kg) as indicated in the technical data sheet (TDS).
Joncryl ADR 4486 (ADR) was obtained from BASF in flake form
with a T of 59 °C, M,, of 7250 g mol™*, and an equivalent epoxy
weight of 310 g mol ™" as indicated in the TDS.

2.2. Characterization

All materials were tested by 500 MHz '"H-NMR spectroscopy
(Varian 7600-AS, United States). Around 3 mg of the sample
was dissolved in deuterated chloroform (0.7 mL).

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) analysis was done using an instrument manufac-
tured by Shimadzu Co., Columbia, MD. Each spectrum was
recorded over the range from 4000 to 400 cm™" with 64 scans
and a resolution of 4 cm™",

The tensile tests were completed according to ASTM D638-
14 (type V) at 10 mm min~" using an Instron model 5565 (MA,
USA).

The notched impact samples (obtained using a TMI 2205
notching cutter, USA) were tested according to ASTM D256. A
Ray-Ran tester with a hummer pendulum of 5.417 J was used
for testing the samples.

The thermal stability of grafted PCL, neat PLA and PLA with
the chain extenders was analyzed using a TGA instrument
(Thermogravimetric analysis Q50 TA Instrument, USA). Under
an N, flow (40 mL min™"), and at a rate of 10 °C min~*,
around 6-10 mg of each sample was heated from room temp-
erature to 600 °C.>*
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A differential scanning calorimetry Q100 analyzer (TA
Instrument) was used to conduct DSC analysis. Around
5-10 mg of copolymer and PLA sample was examined using a
heat/cool/heat protocol from —30 °C to 210 °C at a heating rate
of 10 °C min™" under N, gas. The crystallinity of neat polymer
and PLA-chain extender samples was calculated from the 2nd
heating curve using the melting enthalpy (AH,,), cold crystalli-
zation enthalpy (AH.), and PLA weight fraction (w¢) in the
sample as illustrated in eqn (1):

Xe = [(AHm — AH.)/(we x AH,,)]| x 100 (1)

where AH,, denotes the melting enthalpy values of 100% crys-
talline PCL and PLA, which are 151.7 and 93.7 ] g7},
respectively.>>*°

The transparency of the films (~200 micron film prepared
by compression moulding at 230 °C for 2 min and 10 tonnes
using a PHI-based press model QL438-C, USA) was investigated
using a UV-visible spectrophotometer (Evolution 600, Thermo-
Scientific, USA) in Intelli-scan speed mode with a data interval

of 0.5 nm in the range 200-800 nm.

2.3. Synthesis of 9-(oxiran-2-yl)nonyl methacrylate (EAT) and
8-(3-octyloxiran-2-yl)octyl methacrylate (EAI)

EAT and EAI were synthesized in two steps from their unsatu-
rated long-chain alcohol wusing our recently reported
method.?””*® Details about the synthesis and characterization
of EAT and EAI are provided in the ESL{

2.4. Synthesis of PCL-EAT and PCL-EAI

PCL and epoxy acrylates (EAT or EAI) were melt processed at
130 °C for 10 min at 100 rpm using a C.W. Brabender
Instruments Inc. instrument (Hackensack, NJ, USA) with
roller-type blades. After heating the Brabender chamber to
130 °C, PCL was gradually introduced. After the PCL was
melted for 2 min, a mixture of epoxy acrylate EAT or EAI and
BPO as an initiator was incorporated dropwise over a period of
1 min. The copolymers were mixed for another 7 min to
produce PCL-g-EAT and PCL-g-EAL

2.4.1. PCL-g-EAT. "H-NMR (CDCl;) (Fig. 1): § (ppm) = 1.23
(br, CH3, g), 1.36 (m, CH,, c), 1.48-1.51 (b, CH,, k, 1, m, n, o,
p), 1.62 (m, CH,, b, d), 1.73 (b, CH,, j, q), 2.15 (m, CH, t), 2.29
(t, CH,, €), 2.42 (m, CH, h), 2.72 (¢, CH, 1), 2.87 (br, CH,, s),
3.89 (t, CH,, u), 4.03 (t, CH,, a), 4.18 (¢, CH,, i).

2.4.2. PCL-g-EAL 'H-NMR (CDCl;) (Fig. 1): § (ppm) =
0.81-0.87 (m, CH,, CHj, X, y), 1.23 (br, CH,, g), 1.36 (m, CH,, ¢),
1.49 (br, CHy, k, 1, m, n, o, s, t, u, v, w), 1.62 (m, CH,, b, d), 1.74
(br CHy, j, p, 1), 2.14 (m, CH, z), 2.29 (¢, CH,, €), 2.41 (m, CH, h),
2.88 (br, CH, q), 3.89 (t, CH,, a1), 4.03 (t, CH,, a), 4.18 (t, CH, i).

2.5. General procedure for using PCL-EAI and PCL-EAT as
chain extenders in PLA

The moisture of PLA was removed in an oven at 80 °C overnight
and mixed with 1 phr of ADR and/or with 1 phr of PCL-g-EAT or
PCL-g-EAL The reactive extrusion of PLA polymer with the chain
extender was blended in a DSM Xplore 15cc micro-compounder

Green Chem., 2024, 26, 3968-3978 | 3969
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Fig. 1 'H-NMR spectra of PCL-g-EAT 90/10 and PCL-g-EAI 90/10.
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Scheme 1 Synthesis of PCL—EAI and PCL-EAT.
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(The Netherlands) twin-screw extruder at 210 °C, 100 rpm with a
2 min residence time. The extruded sample was conveyed for injec-
tion moulding (impact and tensile bars) using DSM micro-injec-
tion at 30 °C mold temperature and back pressure of 0.6 MPa.

2.6. Cytotoxicity/lactate dehydrogenase (LDH) release assay

The cytotoxic effects of PLA, PLA + ADR, PLA/PCL-g-EAI 90/10,
and PLA/PCL-g-EAT 90/10 were determined using the colori-
metric CyQUANT™ LDH cytotoxicity assay kit (Thermo Fisher
Scientific, Greenville County, SC, USA). Briefly, 2 x 10* cells of
the TH-29 cell line (human colorectal adenocarcinoma cells
sourced from ATCC) in complete DMEM supplemented with
10% FBS were seeded in triplicate into a 96-well flat-bottom
cell culture plate and incubated in a CO, incubator at 37 °C.
Following overnight incubation, the samples were dissolved in
chloroform (100 mg ml™"), and then different concentrations
(200, 100, 50, 25, 12.5, 6.25, and 3.125 pg mL™") of PLA, PLA +
ADR, PLA/PCL-g-EAI 90/10, and PLA/PCL-g-EAT 90/10 were pre-
pared in DMEM. Subsequently, the cells were exposed to
100 pL of DMEM containing the sample concentrations. Ten
microliters of sterile water were added to triplicate wells for
the spontaneous release of LDH. The cells were also treated in
triplicate with a two-fold serial dilution of chloroform (0.2%,
0.1%, 0.05%, 0.025%, 0.0125%, 0.0065%, and 0.00312%),
corresponding to the concentrations carried over with the PLA
samples to the treated cells. Additionally, triplicate wells were
not treated and served as a negative control. After 24 hours of
incubation at 37 °C, 10 pL of 10x lysis buffer was added to
triplicate wells for the maximum LDH release. Subsequently,
the plate was incubated for 45 min at 37 °C, and supernatants
from the untreated cells and PLA sample-, chloroform-, lysis
buffer- and water-treated cells were collected.

The LDH positive control assay provided in the kit was
employed as a positive control in the experiment. The cellular
cytotoxicity was measured in the supernatants following the
manufacturer’s protocol. After measuring the optical density
(OD) at 490 nm, the cytotoxicity percentage was calculated
using the following formula:

% cytotoxicity
sample-treated LDH activity — spontaneous LDH activity
maximum LDH activity — spontaneous LDH activity

x 100%.

3. Results and discussion
3.1. Synthesis of chain extenders (PCL-EAI and PCL-EAT)

The synthetic routes leading to GMA-free PCL-EAI and PCL-
EAT are shown in Scheme 1. The synthesis of EAT and EAI was
performed according to ref. 27-29. The IR spectra of EAT and
EAI showed that they exhibited carbonyl group stretching at
1716 cm™ " and double bonds at about 1637 cm™" (Fig. S11).
The "H-NMR spectrum shown in Fig. S2 and S3t further con-
firmed the synthesis of EAT and EAI, respectively. In the next

This journal is © The Royal Society of Chemistry 2024

Table 1 Degree of grafting, thermal data, and intrinsic viscosity measurements of neat PCL and PCL-grafted epoxy acrylate”

TGA

DSC

Degree of grafting%

from 'H-NMR

T, (°C) Tim (°C) AH, (Jg™") X, (%) T} (°C) Tinax (°C)
58.2 +£0.2 406.6 + 0.2

M,, (kDa)

M, (kDa)

n(dlg™)

Polymer

402.4 +3.1
402.8 £ 0.4
403.8+1.6
401.3+1.4

380.5+0.4
371.7 +1.7
369.7 + 1.6
367.7+1.8
358.9+1.0

38.3+0.1
40.3 £0.1
40.0 £ 0.2
41.0 £ 0.1
40.3 £ 0.7

61.1+0.1
60.6 £ 0.3
62.2 +0.1
61.2+1.0

56.8 £ 0.2
58.9+3.5
59.9 £ 0.1
59.7+1.5
60.3 +£1.6

26.2 £0.2
34.0+1.6
36.6 £ 0.1
32.5+0.3
33.6 £ 0.6

79.7 £ 0.8
153.0 + 3.38
462.0 + 6.4
130.4 £ 0.97
201.2+7.1

53.3 £0.02

66.2 + 0.5
75.1+2.5
60.8 + 2.7
66.3 £ 0.6

1.76 + 0.02
2.23 £0.02
2.76 £ 0.01
2.05 + 0.01
2.58 £ 0.02

4.87 £ 0.05
9.23 £ 0.05
4.42 £ 0.04
7.45 £ 0.01

Neat PCL
PCL-g-EAT 95/5
PCL-g-EAT 90/10
PCL-g-EAI 95/5
PCL-g-EAI 90/10

Green Chem.,,
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melting enthalpy, and crystallization index, respectively, as determined using DSC measurements. T}, is the decomposition temperature at 10 wt% loss and Ty,.x denotes the maximum

%M, and M,, are the number average molecular weight and weight average molecular weight, respectively. T., Tr,, AH,, and X, denote the crystallization temperature, melting temperature,
derivative peaks, respectively, as determined using TGA measurements.

2024, 26, 3968-3978 | 3971
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step, EAI and EAT were grafted onto PCL via peroxide (BPO)
chemistry to obtain PCL-EAI and PCL-EAT. This grafting onto
PCL with different ratios of EAT and EAI was performed by
melt reactive extrusion at 130 °C.>%*!

The "H-NMR spectra of PCL-g-EAT and PCL-g-EAI showed
the epoxy peaks of grafted EAT at 2.72 and 2.87 ppm, while
those of EAI appeared at 2.88 ppm. The grafting degrees (%)
were calculated from the "H-NMR spectra. Based on these cal-
culations, it was found that PCL-g-EAT 95/5 and PCL-g-EAT 90/
10 had grafting degrees of 4.87 + 0.05% and 9.23 * 0.05%,
respectively (Table 1). In addition, the grafting degrees of PCL-
g-EAI 95/5 and PCL-g-EAI 90/10 were 4.42 + 0.04% and 7.45 +
0.01%, respectively (Table 1). Thus, increasing the amount of
epoxy acrylate monomers increases the degree of grafting.

The reaction of PCL with epoxy acrylates was examined
using the torque taken from the melt mixer torque value
against time (Fig. 2). The figure shows the feeding of neat PCL
and PCL with epoxy acrylate grafted with different ratios. The
torque increases at the beginning due to the addition of the
polymer pellets, and then the torque decreases over time. The
force was increased by adding epoxy acrylate compared to neat
PCL. This was due to the increased viscosity that was achieved
by adding the chain extender, which suggests that grafting had
occurred between PCL and the double bond of EAT and EAI, as
illustrated in Scheme 2. Kim et al.*' also observed an increase
in force by grafting PCL with the addition of GMA. The torque
was increased by increasing the epoxy acrylate (EAT/EAI)
content, indicating that the grafting reaction became promi-
nent. The "H-NMR grafting result supports the torque increase
associated with the increase in epoxy acrylate content.

Torque (Nm)

200

300
Time (sec)

400 500 600

Fig. 2 The torque generated during processing in a Brabender system
containing neat PCL (a), PCL-g-EAT 95/5 (b), PCL-g-EAT 90/10 (c), PCL-
g-EAI 95/5 (d), and PCL-g-EAI 90/10 (e).
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Scheme 2 The proposed mechanism for the epoxy reaction with PLA.

The average molecular weights (M,, and M,,) and intrinsic
viscosity (IV) of neat PCL and PCL that had been grafted with
EAT and EAI (PCL-g-EAT and PCL-g-EAI copolymers, respect-
ively), are shown in Table 1 and Fig. 3. The chemical grafting
of PCL with EAT or EAI increased IV, M, and M,,. Neat PCL

-
o
1

dwt/d(logM)
o
[--}
1

0.6 —

0.4 —
0.2 —
0.0 -
4.0 4.5 5.0 5.5 6.0 6.5
Slice Log MW

Fig. 3 GPC curves of neat PCL (a), PCL-g-EAT 95/5 (b), PCL-g-EAT 90/
10 (c), PCL-g-EAI 95/5 (d), and PCL-g-EAI 90/10 (e).

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc04200f

A Qo
o N S g
2 % wmm1 = 7538
© (el
[a¥ n 57..me m 3 ..anwm\wm..
£ £cS8-= A LESS
= 23 S < ¥ 8o g
= 2-gE £ 13 a2 8
& FLudE.w.o @ s vES S
R= = o cC | gl ad = O <
£= RV~ R s | E|henhase S8k
T o« ° < m 000000 ' dmmm
=~ c Q
oo M”Mm 2 2 |lavaoew Iﬁa_u.mw,
] T8 53 = | Rraead 3 £ho
e = 2 0 £ | EldgryLa o S $50
o wme .W. 5555555 Hcm>
Q Sy b= .
) . o @
§ S8 °E 3 g a \\\\\\\ \\v °oc3e
= £38 3 £ % 7 25z
.@ 5 9w g < @ ? o~ 20
L= =1 o0 9] > ) (8]
£ 29 g c ] > cowE
< BmE S D S a > = & %m &S
A v Y & 2 = - SESD
Z SR e 5 7 = 23k o
— © <t =
T s5iE B, |38z888 ¢ E MW\\\\\ \\m G cd s
N Wd.ma j N HHHHaH B 7 0, MWWW
o= < V =
2 PESE T 2|RgRBRE s o, \\i FoeT
% mnAe m 111111 W \ & m_umwm
o mMum ° 2 7 g.a g
+ re.|V.J m Lvub ()] ’ - [0} = 5
o O O = 7 £ =
e} = 9 < X C
o} o % 2 0 3 g oo ag®
[ T N L 72} o W s o C
aaaaaa - = £ %8¢
S=2528°¢8 5 = ") < ) ~ - o To>E
[} (Y]
2w 9 82 e g = (edo) sninpojy apisuay Sg8:
- o QBN RN G cE2Z
i) T | omo—Ho o =) w5 3B
T LT S @ c o) A
g4 835 g | Z|seansa 2 BLoae
o K 0= g S 5| S a® S = =9 L E .
— = = | S| NFTOoOoOO© — e 9 )
S°R3 P 3| = £ 5ER 2§
T e R - a o 3328
S = $ & z23%=¢&
hmm_b.we € « - aco
« 8.2 ) = c k0
£22 578 o & gs5222
- - B c T 00
2 59 & =) S g Ew®o €< c
ER=I= @ k= < 509 85
58,28 8 £ = cst=sw
w 2
s 0 85 7 g Tnno o g \ 2wET 2
dmmz.mnDa | 5| dddas = N > Zcagu
w55 o5 = T | EBlanaiad = / - §2:59
0T Sl FlaSsgsn 2 2+ ///.w E232%
f.m.ﬂem./. £ S|Pge Yoo ..w %///// wb\Dn.I:MW
fcmwﬂ..g ° = N E .0
pEE&Eab 5] B - I==92
B oh = B : 2 = asgl®
OrnSﬂ..m S o fS,DCu
U O «© < + [} <a Y
%ﬁpwwa = Lvuo SMN/a
B © 3 SN b K3 .m.wLMk
— ’Wul = o0 &
L E e d < = E== &
SR> B A ) € =1 = = e
> = 8 8§ s w o = Sov 20
b= ETE 20 w 3 weng B og Jdg 2
ah Z®2EFT@a0 B BSns 2 TgL5E
E T30 4%, E Toae 8 gegol
g Egziss 2 S22z ¢ fpfog
[} R R =
O BEEEEo F & Gt tots S = (ed) yiBuaxs apisua) cm..ol,m
s ENGE3E o | E|E7ERERR 3 23c
2 o gl +EAEAEA = S
S Z9%zg 2| 5|553333 3 :
O §8 L8 L= CSlzZERARZRE ¢ 2509
n o a0

80UB017 pakodun 0°g uonNgLRY suowwio aaes) e opun pesusolistopnesiy L (IEEL )|

“INV GE'6€:L 9202/ET/E U0 papeo|umod 20 Afenige- 9T Uo paus!idnd 901l Ss300y uedo

6, 3968-3978 | 3973


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc04200f

Open Access Article. Published on 16 February 2024. Downloaded on 3/13/2026 7:39:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

increased because of increases in the grafting degree, as men-
tioned in Table 1. The degree of grafting and the intrinsic vis-
cosity measurements revealed that EAT showed better grafting
with neat PCL than EAIL

Thermal properties of PCL-grafted epoxy acrylate were
examined via DSC and TGA. The cooling and 2nd heating
cycles of neat PCL and its PCL-epoxy-grafted copolymers are
described by DSC as shown in Table 1 and Fig. S4.1 The graft-
ing of neat PCL with EAT and/or EAI led to an increase in the
resultant graft copolymer’s crystallization temperature (7)
compared to that of neat PCL. For example, the T, is shifted to
a higher temperature from 26.2 °C for neat PCL to 36.6 and
33.6 °C for PCL-g-EAT 90/10 and PCL-g-EAI 90/10, respectively.
It was noticed that PCL-g-EAT 90/10 had a higher 7. than that
of PCL-g-EAT 95/5.

Similarly, PCL-g-EAI 90/10 showed a higher T, than that of
PCL-g-EAI 95/5. Thus, as the amount of grafted epoxy acrylate
increases, T, also increases. In addition, the PCL-grafted epoxy
acrylates displayed a shift to higher values in terms of T,
AH,,, and X. as compared to the corresponding values
observed for neat PCL. The change in these parameters is
referred to as the difference in the structural morphology of
PCL upon grafting with EAT and EAI These results agree with
the previous study that explained that the grafting of PCL with
GMA and diethyl maleate caused a change in the thermal be-
havior of neat polymer.>*

The thermal stabilities of neat PCL and PCL-grafted epoxy
acrylate were determined by TGA analysis, as shown in Fig. S5
and Table 1. The DTG curves show that neat PCL and PCL-g-
EAT and PCL-g-EAI underwent a single degradation step with a
maximum degradation temperature (Tya.) of approximately
407 °C.** The PCL-g-EAT and PCL-g-EAT graft copolymers
decomposed at lower temperatures than neat PCL, as indicated
by the values of Ty and Ty (Table 1). Thus, the chemical
grafting of EAT and EAI onto the chains of neat PCL decreased
their thermal stabilities compared to that of neat PCL alone.
Moreover, the TGA data indicated that PCL-g-EAT was slightly
less thermally stable than PCL-g-EAL By increasing the amount
of EAT and EAI that had been grafted onto PCL, the thermal
stability was decreased.

3.2. Effect of chain extender on the PLA structure

3.2.1. Molecular weight measurements. The molecular
weight measurements of neat PLA and PLA with PCL-g-EAT
and PCL-g-EAI are described in Fig. S67 and Table 2. The reac-
tion of neat PLA with 1 phr of ADR resulted in a significant
increase in the M, from 39.5 to 92.41 kDa. The high molecular
weight, which resulted from the reaction between the epoxy
group of ADR and the functional group of PLA, was due to the
formation of branched chains and a network structure.’*** To
our surprise, the treatment of PLA with 1 phr of PCL-g-EAT and
PCL-g-EAI extenders led to no increase in the molecular weight
of PLA. This raised doubts about whether PCL-g-EAT and PCL-
g-EAI really react with PLA. To investigate this, we conducted
the following model studies.
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1,2-Epoxy octane was used as a proxy for terminal glycidol-
free epoxy, epoxidized plant oil was used as a substitute for gly-
cidol-free internal epoxy, and 1,4-butane diol-diglycidyl was
used as a proxy for glycidol epoxy. As PLA reacts with epoxy
through its terminal COOH, we therefore used stearic acid as a
model compound. After 5 min of heating at 205 °C, we
observed new peaks appearing in the NMR spectra for the ring
opening of the epoxy with COOH following reaction between
the epoxy model compounds and stearic acid (see details in
the ESI (Schemes S1-S3 and Fig. S7-S9%)). Our model studies
offer conclusive evidence demonstrating that both internal
and external epoxy moieties interact with COOH groups.
Future research will delve into the kinetics of these reactions,
seeking to understand their relative reactivity and any poten-
tial by-products that might arise. However, there was no sig-
nificant molecular weight increase for the combination of PLA
and the grafted PCL samples. Given the variation and low level
of grafting density noted in Table 1, and that the loading was 1
phr for the grafted PCL with PLA, it could be possible that the
loading was too low to statistically ensure that linkages were
formed between the PLA and PCL by the chain extenders.
However, apparently, it was sufficient for enhancing the
mechanical properties of PLA, as discussed in Section 3.2.2.

3.2.2. Mechanical properties. Fig. 4 and Table S1{ demon-
strate the mechanical properties of neat PLA and PLA with
PCL-chain extenders. PLA exhibits brittle behavior with a high
tensile strength (~50 MPa) and modulus (~3.45 GPa), as well
as a lower elongation at break (~5.7%). However, the incorpor-
ation of ADR (1 phr) enhanced the mechanical characteristics
of PLA. The addition of 1 phr of multifunctional epoxy ADR
enhanced the mechanical properties of PLA. Tensile modulus
and strength were enhanced by ~6 and 10%, respectively.
Moreover, elongation at break was significantly improved by
557% compared to that of neat PLA. However, the standard
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Fig. 5 UV spectra of neat PLA (a), PLA/Joncryl ADR (b), PLA/PCL-g-EAT
95/5 (c), PLA/PCL-g-EAT 90/10 (d), PLA/PCL-g-EAI 95/5 (e), and PLA/
PCL-g-EAI 90/10 (f).
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deviation was very high, which indicates that there was a com-
peting reaction taking place during the reactive extrusion
process (crosslinking occurred between the PLA functional
group and an epoxy group of ADR). The notched impact
strength increased slightly from 2.48 to 2.53 k] m™> (2%
enhancement). The enhancement in the mechanical pro-
perties resulted from the increasing molecular weight of PLA
(as shown in the SEC data) and the formation of a branching
structure by incorporating a chain extender. Moreover, the
functional group of the ADR chain extender can react with the
terminal -COOH group of PLA during reactive extrusion.'"**
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The same result was achieved by incorporating the PCL
copolymers (PCL-g-EAT or PCL-g-EAI), which showed compar-
able or better mechanical properties than those provided by
ADR. For example, PLA with 1 phr of PCL-g-EAT 95/5 showed
equivalent tensile strength (53.2 MPa) and modulus (3.8 GPa)
as well as impact strength (2.65 k] m~?) compared to PLA with
1 phr of ADR. However, it showed significant enhancement in
the elongation at break (77.8%), corresponding to 14- and
2-fold enhancements compared to neat PLA and PLA/ADR,
respectively. PLA that had been treated with 1 phr of PCL-g-EAI
95/5 also showed high mechanical strength compared to neat

Table 3 TGA and DSC characterization of neat PLA and PLA grafts with EAT and EAI?

TGA data DSC data
Name T, (°C) Timax (°C) Ty (°C) T, (°C) AH, Tmi (°C) Tm2 (°C) AHp, (°C) X (%)
Neat PLA 316.7+1.6 362.6 +2.0 63.7 £ 0.9 112.1 £ 0.7 33.4+1.0 160.7 £ 0.4 167.8 £ 0.3 36.3+1.2 3.1+£0.1
PLA/ADR 323.4+0.5 368.6 + 0.4 63.1+1.4 — — — 164.1+1.0 — —
PLA/PCL-g-EAT 95/5 314.4+ 0.8 363.3+1.6 61.4+£0.3 110.6 £ 0.6 31.6 £ 0.3 160.1 £ 0.1 167.7 £ 0.1 34.6 £ 0.3 3.3+£0.1
PLA/PCL-g-EAT 90/10  314.0+0.7  364.6 £ 0.7 62.6 £ 2.2 1129+ 1.6 33.8+0.5 160.9 £ 0.7 167.8 £ 0.1 37.0+0.4 3.5+0.01
PLA/PCL-g-EAI 95/5 313.1+1.1 363.6 +1.1 61.7 £ 0.9 110.6 £ 2.2 32.62 + 0.21 160.2 £ 0.9 167.8 £ 0.3 35.7+0.1 3.3+£0.1
PLA/PCL-g-EAI 90/10 313.5+1.4 364.2+0.3 62.6 £ 0.1 112.4 £ 1.6 33.6 +1.2 160.6 £ 0.9 167.7 £ 0.3 36.8+1.4 3.4+0.1

“T, denotes the decomposition temperature at 2 wt% loss and Tp,.x is the maximum derivative peak, as determined using TGA measurements.
Tr, and T, are the melting and cooling temperatures, respectively. T, denotes the glass transition temperature, AHy, is the enthalpy of melting,
and X, is the degree of crystallinity. These data were determined through DSC measurements of the second heating scans.
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Fig. 6 DSC thermograms (recorded during the second heating cycle) for neat PLA (a), PLA/Joncryl ADR (b), PLA/PCL-g-EAT 95/5 (c), PLA/PCL-g-
EAT 90/10 (d), PLA/PCL-g-EAI 95/5 (e), and PLA/PCL-g-EAI 90/10 (f). Magnifications of the DSC graphs are provided at the left to show the T,

temperature.
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PLA and PLA/ADR. This can be attributed to the interaction
between the epoxy groups of the chain extender and the car-
boxyl groups of PLA.*>*?* PLA that had been treated with PCL-
g-EAT showed comparable tensile and impact strengths to
those of PLA that had been treated with PCL-g-EAI. However,
the blend of PLA with PCL-g-EAT showed higher elongation at
break and lower tensile modulus than that of PLA and PCL-g-
EAL This may be due to the difference in the reactivity of the
epoxy group between PCL-g-EAI (internal epoxy group) and
PCL-g-EAT (terminal epoxy group). To confirm the effect of the
new chain extender and the reaction of the epoxy groups of the
PCL copolymer with the carboxyl groups of PLA, we melt-
blended PLA with 1 phr of unmodified PCL, and no enhance-
ment in the mechanical properties was observed except for the
tensile modulus (which was increased by ~31%). This means
that no reaction occurred, and the crystallinity of the materials
increased, so that the sample became more rigid. However, the
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addition of 1 phr of PCL-g-butyl acrylate (PCL-g-BA) led to an
enhancement of all the mechanical characteristics except for
the tensile modulus. This indicates that PCL-g-BA acts as a
plasticizer for PLA. Thus, the new chain extenders PCL-g-EAT
and PCL-g-EAI worked as chain extenders and enhanced both
the toughness and modulus of neat PLA.

3.2.3. Optical properties. The optical characteristics of
films composed of neat PLA and the chain-extended PLA were
examined via UV-vis spectroscopy and results are shown in
Fig. 5, Fig. S10,f and Table 2. The transmittance % was
measured for the films at 660 nm.*® The neat PLA film showed
a moderate transmittance of ~75%. The incorporation of the
ADR into PLA significantly reduced the optical transmittance
to ~22%. Furthermore, the reaction of the new chain exten-
ders, PCL-g-EAT and PCL-g-EAI with PLA, resulted in a reason-
able decrease in the transmittance in the range 52-55% as
compared to that of neat PLA. This may be due to increases in

PLA/PCL-g-EAI 90/10

ity
A 3
[ — )
L L ]

% Cytotoxic

PLA/PCL-g-EAT 90/10
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T T 5
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Fig. 7 Cytotoxicity test for neat PLA, PLA/Joncryl ADR, PLA/PCL-g-EAI 90/10, PLA/PCL-g-EAT 90/10. Means with the same letter within a graph
indicate no significant (P > 0.05) difference using the Duncan multiple range test.
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the % of crystallinity (X.) (as shown in Table 3) of PLA after the
incorporation of ADR®” and the PCL copolymers. Moreover, by
increasing the crystallinity of PLA using the PCL, their trans-
mittance was decreased as a result. In addition, the presence
of aromatic benzene rings in the ADR structure increased the
light absorbance through n-n transition states.*® In con-
clusion, the PCL-g-EAT and PCL-g-EAI chain extenders showed
better transparency properties than the ADR chain extenders.
Thus, incorporating these new chain extenders into PLA could
be more appropriate for products requiring more transparency
than can be achieved when PLA is extended with ADR.

3.2.4. Thermal properties. The thermal stability of neat
PLA and PLA that had been chain-extended with PCL-g-EAT
and PCL-g-EAI is described in Fig. S111 and Table 3. The DTG
curves illustrate that neat PLA and its counterpart that had
been treated with PCL-g-EAT and PCL-g-EAI underwent one
degradation step with nearly the same Ty,,.. Additionally, there
is no difference between the values of T, and Ty, of PLA with
PCL-g-EAT or PCL-g-EAI, indicating that there had been no
change in their thermal stabilities. The incorporation of ADR
into neat PLA resulted in an increase in its thermal stability, as
described by T, and Tyax (see Table 3). This change is due to
the presence of benzene rings that may increase the chain
rigidity of the material.>® In contrast, the reaction of PLA with
PCL-g-EAT and PCL-g-EAI led to no change in the thermal
stability. This may be due to the aliphatic nature of the chain
extenders and polymer degradation during the extrusion
process leading to chain scissions that may increase their
chain flexibility.””* This result is consistent with that of a
recent study that showed that the reaction of PLA with
different ratios of ADR resulted in degradation at lower temp-
eratures as compared to that of neat PLA.*’

The second heating cycle of neat PLA and its counterparts
that had been chain-extended with ADR and the graft copoly-
mers PCL-g-EAT and PCL-g-EAI were recorded via DSC, as
shown in Fig. 6 and Table 3. The DSC thermograms illustrated
that there were no significant differences in the T, T, and
Tmo of neat PLA and PLA that had been treated with the chain
extenders. However, the reaction of PLA with the PCL-epoxy-
grafted copolymers resulted in a slight decrease in T,. After
incorporating ADR into neat PLA, the 7. disappeared, T,
decreased slightly, and the double peaks disappeared. These
changes were observed because the polymer crystallization was
hindered as the molecular weight increased, leading to the
production of only one type of crystal (a-ordered phase).>”*!

Neat PLA and PLA with lower grafting amounts of the PCL
copolymers (PCL-g-EAT 95/5 and PCL-g-EAI 95/5) showed equi-
valent crystallinity values. However, the PLA samples with
higher PCL copolymer grafting (PCL-g-EAT 90/10 and PCL-g-
EAI 90/10) showed a shift in the % of crystallinity to a higher
value than that of neat PLA. Therefore, increasing the epoxy
content of PCL-epoxy-grafted copolymers from 5 to 10%, led to
an enhancement of the % crystallinity.

3.2.5. Cytotoxicity test. The cytotoxicity analysis at different
concentrations is shown in Fig. 7. In all cases, the positive
control displayed a significantly higher percentage of cyto-

This journal is © The Royal Society of Chemistry 2024
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toxicity compared to PLA, PLA + ADR, and the new chain exten-
ders (PLA/PCL-g-EAT 90/10 and PLA/PCL-g-EAI 90/10), and the
untreated negative control. At a 200 pg mL™' concentration,
only PLA/PCL-g-EAT 90/10 showed toxicity equivalent to that of
the negative control. Both PLA + ADR and PLA/PCL-g-EAI 90/
10 had higher toxicity than the negative control at this concen-
tration. While these results are encouraging, especially for
PLA/PCL-g-EAT 90/10 with improved safety over ADR, detailed
bioassay analysis will be required to further screen the safety
of our new chain extenders.

4. Conclusion

In summary, for the first time, PCL-functionalized internal
and external reactive epoxy groups were successfully syn-
thesized as evident from NMR spectroscopy, SEC, and intrinsic
viscosity analysis. The obtained PCL-epoxy polymers were used
as chain extenders for the polyester in PLA. Even though no
increase in the average molecular weight of PLA was observed
upon the use of PCL-g-EAT or PCL-g-EAI, the chain extension
of PLA with these graft copolymers (1 phr) yielded excellent
mechanical properties, which were better than those achieved
with the commercial chain extender ADR. PLA with PCL-g-EAT
95/5 (1 phr) exhibited comparable tensile strength (53.2 MPa),
modulus (3.8 GPa), and impact strength (2.65 kJ] m™?) com-
pared to those of PLA with 1 phr ADR. Furthermore, it showed
a significant increase in elongation at break (77.8%), which is
14 and 2 times greater than those of neat PLA and PLA + ADR,
respectively. The treatment of PLA with 1 phr of PCL-g-EAT led
to a higher elongation at break compared to that observed for
PLA that had been treated with PCL-g-EAIL. TGA and DSC data
demonstrated that the thermal characteristics of the PLA
systems that had been treated with the graft copolymers have
no significant difference relative to those of neat PLA. No cyto-
toxic effects were observed in the cells at any tested concen-
trations of the PLA samples with the new chain extenders. This
work opens new opportunities for improving the performance
of biodegradable PLA polymers without using harmful glyci-
dol-based ADR chain extenders, which may provide uses in
areas such as food packaging.
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