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Esters of Cinnamic Acid as Green Plasticizers for Polylactide
Formulations with Improved Ductility

Alejandro Barandiaran, Jaume Gomez-Caturla, Juan Ivorra-Martinez,* Diego Lascano,
Miguel Angel Selles, Virginia Moreno, and Octavio Fenollar

This study demonstrates the potential of different cinnamate esters, namely
methyl trans-cinnamate (MC), isobutyl cinnamate (IBC), allyl cinnamate (AC),
and ethyl cinnamate (EC), as environmentally friendly plasticizers for
polylactide (PLA). Plasticized PLA formulations with a constant nominal wt%
of 20 of each plasticizer are compounded in a twin-screw co-rotating extruder
and subsequently processed by injection molding. The results show
exceptional plasticization efficiency of AC with an increase in elongation at
break from 3.9% (neat PLA), up to 339.4% and a remarkable increase in
impact strength, thus showing great potential to overcome the main
drawback related to PLA intrinsic brittleness. The incorporation of cinnamates
in a PLA matrix leads to a decrease in Tg from 61.7 °C down to 36.1 °C for the
plasticized PLA formulation containing 20 wt% AC. Thermogravimetry
analysis reveals that a slight plasticizer loss occurs during processing, as it
happens with other monomeric plasticizers, but this phenomenon does not
limit their plasticization efficiency. Therefore, the results obtained in this study
confirm the suitability of a new family of organic compounds derived from the
esterification of cinnamic acid as green plasticizers for PLA with improved
toughness, with comparable, or even superior, ductile properties of typical
plasticizers for PLA.

1. Introduction

In the last decade, aliphatic polyesters have attracted much at-
tention due to the increasing concern about the environment.
Aliphatic polyesters can undergo biodegradation under compost
conditions due to the hydrolysis of ester groups, which repre-
sents a clear advantage from an environmental point of view.

A. Barandiaran, J. Gomez-Caturla, J. Ivorra-Martinez, D. Lascano,
M. A. Selles, V. Moreno, O. Fenollar
Institute of Materials Technology (ITM)
Technical University of Valencia (UPV)
Alcoy, Alicante 03801, Spain
E-mail: juaivmar@doctor.upv.es

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/mame.202300022

© 2023 The Authors. Macromolecular Materials and Engineering
published by Wiley-VCH GmbH. This is an open access article under the
terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited.

DOI: 10.1002/mame.202300022

Among these polymers, it is possible to
find petroleum-based polyesters such as
polybutylene succinate (PBS), polyglycolide
(PGA), polycaprolactone (PCL), and poly-
butylene succinate-co-adipate (PBSA). In
fact, currently, some of these polyesters can
also be fully or partially synthesized from
different biobased building blocks.[1–4] Nev-
ertheless, biobased polyesters, such as poly-
lactide (PLA) and polyhydroxyalkanoates
(PHAs), have received much attention due
to their environmental advantages and rep-
resent a sound alternative to petroleum-
derived polymers.[5–7]

PLA is an aliphatic polyester that is usu-
ally obtained by ring-opening polymeriza-
tion (ROP) of lactide, which is obtained by
fermentation of starch-rich plant sources
such as rice, corn, cassava (tapioca), and
sugarcane, among others.[8–10] PLA offers
rather good balanced properties (mechani-
cal, thermal, biodegradation, transparency,
barrier, and so on) and processability.[11]

Nevertheless, one of its main drawbacks
is related to its intrinsic brittleness, due
to poor ductile behavior, which hinders its

massive use, mainly in the packaging industry. Hence, much
research on PLA has focused on improving toughness.[12–16] To
overcome this, physical blending with flexible polymers and
plasticization have been proposed.[17,18] It has been widely re-
ported in the literature the remarkable improvement in duc-
tile and impact strength properties of PLA by binary and
ternary blends with flexible polymers such as PBS,[19–21] PCL,[22]

PBSA,[23] polybutylene adipate-co-terephthalate (PBAT),[24–26] and
thermoplastic starch,[27] among others, with or without using
compatibilizers.[28,29]

A plasticizer must fulfill some features for good efficien-
cies, such as low molecular weight, high boiling point, low
viscosity, non-volatile character, low migration, and non-toxic,
among others.[30,31] Generally, a plasticizer provides improved
processability and ductility due to a decrease in the glass tran-
sition temperature (Tg).[32,33] It has been also reported a de-
crease in the melt peak temperature in plasticized semicrystalline
polymers.[34] A wide range of compounds has been proposed
as plasticizers for PLA and its blends including citrates,[31,35]

tartrates,[36] adipates,[37] sebacates,[38] azelates,[39] short-chain
triglycerides,[40] chemically-modified vegetable oils and fatty
acids,[41–44] oligomers of lactic acid (OLAs),[45] and polyethylene
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Figure 1. Schematic representation of the chemical structure of a) methyl trans-cinnamate (MC), b) isobutyl cinnamate (IBC), c) allyl cinnamate (AC),
and d) ethyl cinnamate (EC).

Table 1. Physicochemical and thermal properties of methyl trans-cinnamate (MC), isobutyl cinnamate (IBC), allyl cinnamate (AC), and ethyl cinnamate
(EC).

Cinnamic acid ester
derivate

*Melting point
[°C]

*Boiling point
[°C]

Density
[g cm−3]

Molecular weight
[g mol−1]

Molar volume
[cm3 mol−1]

MC 36–38 254–255 1.092 162.188 148.524

IBC – 287 1.003 204.269 203.658

AC – 289–290 1.053 188.226 178.752

EC 6–7.5 271–272 1.047 176.215 168.305

∗At 760 mmHg.

glycol (PEG).[46] Some of the above-mentioned plasticizers are
traditionally biobased, that is, citrates and tartrates, while others
are petroleum-derived, that is, adipates and PEG, despite in the
last years an alternative bio route has been developed for most of
these plasticizers from biobased building blocks.[47,48] With the
increasing concern about the environment, new biobased plasti-
cizers for PLA are being sought with the aim of contributing to
more sustainable development and enhancing ductile properties
of PLA-based polymers[32] have reported a systematic study of the
features an organic plasticizer must reach to be efficient. They
identified three main building blocks in designing organic plas-
ticizers, each one contributing to a particular feature. They con-
cluded the important role of aliphatic chains, ester groups, and
aromatic rings to bring chain mobility, cohesion, and compatibil-
ity, respectively. By taking into account these building blocks, they
suggested several biobased plasticizer candidates including cin-
namates, p-coumarates, coumarin-3-carboxylic acid esters, and
2,5-furandicarboxylic acid esters. Thus, the main aim of this work
is to assess, for the first time, the potential of different cinna-
mate esters, namely methyl trans-cinnamate (MC), isobutyl cin-
namate (IBC), allyl cinnamate (AC), and ethyl cinnamate (EC),
for PLA plasticization. The effect of varying the carboxylic acid
chain length of esterified cinnamic acid at a constant concen-
tration of 20 wt% on mechanical, thermal, thermo-mechanical,
morphology, and biodegradation is shown in this work.

2. Experimental Section

2.1. Materials

The PLA used was supplied by Total Energies Corbion (Gor-
inchem, The Netherlands). The PLA is a commercial semi-

crystalline grade, reference Luminy L130. According to the sup-
plier, this PLA grade has a density of 1.24 g cm−3. Different cin-
namates, namely EC, MC, IBC, and AC were supplied by Sigma-
Aldrich (Steinheim, Germany). Figure 1 shows a schematic rep-
resentation of the chemical structure of the different cinnamates
used as plasticizers for PLA while Table 1 gathers the main
physicochemical properties of all four cinnamates.

2.2. Theoretical Solubility Parameters

Theoretical miscibility between PLA and the different proposed
cinnamate plasticizers by calculating their corresponding solubil-
ity parameters (𝛿). The closer the values of these parameters, the
higher the expected miscibility.[49] The solubility parameters of
neat PLA and the different plasticizers (MC, IBC, AC, and EC)
were obtained by the group contribution method proposed by
Hoftyzer and Van Krevelen. This method allows the calculation
of the three main components of the solubility parameter, which
include the dispersive forces (𝛿d), the polar forces (𝛿p), and the
hydrogen bonding forces (𝛿h). The global solubility parameter (𝛿)
results from the sum of these three contributions as indicated in
Equation (1).[50]

𝛿 =
√

𝛿2
d + 𝛿2

p + 𝛿2
h (1)

where

𝛿d =
∑

Fdi

Vm
(2)
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𝛿p =

√∑
F2

pi

Vm
(3)

𝛿h =

√∑
Ehi

Vm
(4)

𝛿v =
√

𝛿2
d + 𝛿2

p (5)

Following the Hoftyzer–Van Krevelen method, it is possible to
make a rather accurate value of the dispersive and polar forces
contributions, 𝛿d, and 𝛿p, respectively (see Equations (2) and
(3)). Nevertheless, the F-method cannot be used to estimate the
contribution of hydrogen bonding. Despite this, as observed by
Hansen, the cohesive energies of the different chemical groups
are almost constant, and therefore, it is possible to estimate the
hydrogen bonding contribution (𝛿h) by the cohesive energy group
contribution[51] (Equation 4). In addition, Bagley et al.[52] pro-
posed the calculation of a 𝛿v parameter, which relates the dis-
persive and polar contributions (𝛿d, 𝛿p) as they have the same
impact on solubility (Equation (5)). By assigning the parameters
𝛿d, 𝛿p, and 𝛿h to a spatial coordinate system (x, y, z), it is possible
to obtain a 3D solubility diagram of a particular polymer, which
is defined by a spherical region (Hansen space) with the center
located at (𝛿d, 𝛿p, 𝛿h). The solubility sphere of a particular poly-
mer has a radius (R0) that can be obtained experimentally and de-
fines the solubility threshold. For PLA, the solubility sphere (R0)
is 10.7 MJ m−3 as Auras et al. reported.[53] A 2D representation
of the Hansen space can be obtained by plotting a circle centered
at (𝛿h, 𝛿v). In this case, if the solubility parameter coordinates
(𝛿h, 𝛿v) of a plasticizer fall inside the circle, then, good miscibility
could be expected.[54] A numerical approach to the potential mis-
cibility can be obtained from the relative by using Equation (6)
which takes the form of the Euclidean 3D distance between two
points.

Ra

=
√

4
(
𝛿d_plast − 𝛿d_PLA

)2 +
(
𝛿p_plast − 𝛿p_PLA

)2 +
(
𝛿h_plast − 𝛿h_PLA

)2

(6)

Equation (7) gives the relative energy difference (RED). RED
determines the distance between Ra and R0. If R0 is greater than
the solubility parameter distance (Ra), then the plasticizer’s good
solubility could be expected. Therefore, if RED < 1, there is good
solubility; otherwise, if RED ≥ 1, the compounds will not exhibit
good affinity.

RED =
Ra

R0
(7)

2.3. Processing of Plasticized PLA Formulations

Before processing, PLA was subjected to a drying process at 65
°C for 48 h in an oven to prevent PLA from hydrolysis. Sub-
sequently, all formulations were weighed and homogenized by

manual methods. All plasticized formulations contained 80 wt%
PLA and 20 wt% cinnamate plasticizers. The following coding
PLA- XX, was used where XX refers to the corresponding cinna-
mate, namely -MC, -IBC, -AC, and -EC.

The PLA/cinnamate ester mixtures were compounded in a
twin-screw co-rotating extruder supplied by Dupra S.L. (Alicante,
Spain). The temperature profile was set by taking into account the
melting temperature (Tm) of a semi-crystalline PLA. The four-
barrel heating stages were programmed (from the feed hopper
to the nozzle) at 170–175–180–185 °C and a rotation speed of
25 rpm was used for all formulations. The compounded strands
were cooled down to room temperature and subsequently pel-
letized using an air knife. Standardized pieces for tensile (bone
shape) and impact (Charpy) tests were obtained by injection
molding in a Meteor 270/75 from Mateu & Solé (Barcelona,
Spain). The temperature profile was set to 200 °C in the feed-
ing hopper, 195 °C in the screw zone, and 185 °C in the injection
nozzle. The injection time was set as 1 s and pressure was kept
for 30 s to ensure the correct quality of the samples.

2.4. Characterization of Plasticized PLA Formulations

2.4.1. Mechanical Properties

The mechanical properties of neat PLA and plasticized formula-
tions containing esters of cinnamic acid were obtained in terms
of tensile, impact strength (Charpy test), and Shore D hardness.
Tensile tests were carried out in an ELIB 30 universal testing ma-
chine provided by Ibertest (Madrid, Spain). The test conditions
and the specimens (dog-bone shape) followed ISO 527. A 5 kN
load cell with a crosshead speed of 10 mm min−1 was used to ob-
tain the main tensile parameters. The test was carried out on five
different specimens of each formulation to obtain reliable results,
and the corresponding tensile parameters were averaged. The im-
pact strength test was carried out in a 6-J Charpy pendulum from
Metrotec (San Sebastian, Spain) as recommended by ISO 179.
At least five specimens of each formulation were tested, and the
obtained impact strength values were averaged. With regard to
hardness, Shore D hardness was measured at room temperature
in a durometer model 673-D provided by J. Bot S.A. (Barcelona,
Spain), following ISO 868, with a stabilization time of 15 s. This
procedure was performed at five different points for each formu-
lation.

2.4.2. Morphological Characterization

The morphological characterization of the fracture surfaces of
PLA and plasticized PLA formulations with esters of cinnamic
acid. To this, broken samples from impact tests were observed by
field emission scanning electron microscopy (FESEM). A ZEISS
ULTRA 55 FESEM microscope from Oxford Instruments (Abing-
don, UK) operated at 2 kV was used. Before FESEM observation,
the samples’ surfaces were coated by an ultrathin gold-palladium
layer in a high vacuum sputter coater EM MED20 provided by
Leica Microsystem (Milton Keynes, UK).

2.4.3. Thermal Properties

The main thermal transitions of neat PLA and the plasticized for-
mulations with cinnamates were obtained by differential scan-
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Table 2. Summary of the theoretical solubility parameters, distance, and RED values according to the Hoftyzer–Van Krevelen group contribution method
of polylactide (PLA) and different cinnamic acid esters.

𝛿d [MJ m−3]1/2 𝛿p [MJ m−3]1/2 𝛿h [MJ m−3]1/2 𝛿 [MJ m−3]1/2 𝛿𝜈 [MJ m−3]1/2 Ra RED

PLA 15.33 8.44 10.98 20.66 17.50 – –

Methyl trans-cinnamate 17.78 3.38 6.87 19.36 18.10 8.16 0.76

Isobutyl cinnamate 16.73 2.46 5.86 17.90 16.91 8.36 0.78

Allyl cinnamate 17.11 2.81 6.26 18.43 17.34 8.16 0.76

Ethyl cinnamate 17.29 2.98 6.45 18.69 17.54 8.11 0.76

ning calorimetry (DSC). The tests were performed on samples
with a mass of ≈7 mg under a nitrogen atmosphere (66 mL
min−1) in a modulated heat flow DSC model Q2000 from TA
instruments (New Castle, Delaware, USA). The samples were
subjected to a dynamic program with three steps. The first heat-
ing cycle was carried out to remove the thermal history result-
ing from the previous processing (injection molding). This heat-
ing step was scheduled from 30 to 180 °C. After this, a cooling
step down to −50 °C was programmed. Finally, the samples were
subjected to a second heating step from −50 °C up to 220 °C.
The heating/cooling rate for all three steps was 10 °C min−1. The
main thermal parameters, such as the glass transition temper-
ature (Tg), the melt peak temperature (Tm), the enthalpy of fu-
sion (ΔHm), the cold crystallization peak temperature (Tcc), and
the cold crystallization enthalpy (ΔHcc), were obtained from the
second heating cycle. In addition, the percentage degree of crys-
tallinity (𝜒 c% and 𝜒 c_max%) was obtained by using Equations (8)
and (9).

𝜒c =
ΔHm − ΔHcc

ΔH0
m ⋅ w

(8)

𝜒c_max =
ΔHm

ΔH0
m ⋅ w

(9)

where ΔH0
m corresponds to the theoretical melting enthalpy of

fully crystalline PLA (93 J g−1),[55] and w is the PLA weight frac-
tion.

The thermal stability at high temperatures and degradation of
neat PLA and plasticized PLA formulations were studied by ther-
mogravimetric analysis (TGA) on a Mettler–Toledo TGA/SDTA
851 thermobalance (Schwerzenbach, Switzerland). The test was
performed on samples with an average mass of ≈15 mg. The
samples were subjected to a heating program from 30 to 700 °C
at a constant heating rate of 10 °C min−1 under a nitrogen atmo-
sphere (flow rate of 66 mL min−1).

2.4.4. Dynamic-Mechanical Thermal Analysis

The dynamic-mechanical thermal behavior of PLA and the plas-
ticized formulations with different esters of cinnamic acid was
studied by dynamic mechanical thermal analysis (DMTA). The
analysis was performed on a dynamic analyzer model DMA1
from Metter–Toledo (Schwerzenbach, Switzerland), working on
simple cantilever/bending conditions with rectangular samples
of dimensions 20 × 7 × 1 mm3. These samples were heated from

0 to 110 °C at a heating rate of 2 °C min−1. The frequency and
maximum bending deflection were 1 Hz and 0.1%, respectively.

3. Results and Discussion

3.1. Theoretical Approach to Miscibility of PLA and Cinnamates

Table 2 gathers a summary of the total solubility parameters (𝛿)
and their contributions (𝛿d, 𝛿p, and 𝛿h) for neat PLA and all po-
tential plasticizers from cinnamic acid esters. Neat PLA has a 𝛿

parameter of 20.66 (MJ m−3)1/2 which agrees with values reported
in the literature.[56–58] The solubility parameters of the four cin-
namates considered as potential plasticizers for PLA range be-
tween 17.90 and 19.36 (MJ m−3)1/2 with methyl trans-cinnamate
being the closer to PLA. In general, these solubility parameters
are close to that of PLA, and therefore, good miscibility should
be expected. This miscibility can be quantified by RED, which
ranges between 0.76 and 0.78. Since these RED values for all four
cinnamates considered in this study are below 1, good miscibil-
ity is expected since all these cinnamates fall inside the solubil-
ity sphere of PLA. Similar results have been reported by Aliotta
et al.[54] in PLA, PBAT, and PLA/PBAT blends. They observed a
RED value of 0.76 between PLA and acetyl tributyl citrate (ATBC)
plasticizer, thus suggesting a good affinity between them. By rep-
resenting Bagley’s diagram, the good affinity between all four cin-
namates and PLA is also evident (Figure 2), since their solubility
parameter coordinates (𝛿v and 𝛿h) fall inside the solubility region
of PLA.[52]

3.2. Quantification of the Actual Plasticizer Content after
Processing

Despite all used cinnamates having a high boiling point (above
250 °C), monomeric plasticizers are much more volatile than
polymeric plasticizers. Llanes et al.[59] reported this phenomenon
on plasticized PLA formulations with dibutyl maleate (DBM) and
dibutyl fumarate (DMF), with a boiling point of 281 and 280 °C,
respectively, they observed some plasticizer loss during process-
ing at temperatures ranging from 160 to 170 °C. Despite this
plasticizer loss, they reported exceptional plasticization proper-
ties of these two biobased plasticizers by reaching elongation at
break values of 220% and 120%, for plasticized formulations with
12 wt% DBF and DMF, respectively. Thermogravimetry is very
useful to measure the actual plasticizer content after processing
since the monomeric plasticizer is removed at lower tempera-
tures than the polymer as can be seen in Figure 3. By measuring
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Figure 2. Bagley’s solubility diagram of PLA and different methyl trans-
cinnamate (■MC), isobutyl cinnamate (■IBC), allyl cinnamate (■AC),
and ethyl cinnamate (■EC).

Figure 3. Comparative TGA plots of neat PLA and plasticized PLA formu-
lations containing 20 nominal wt% of cinnamic acid esters.

the weight loss in this stage, it is possible to obtain the actual con-
tent of the different cinnamates after processing. Table 3 gathers
the weight loss at 300 °C (first degradation stage) and the actual
plasticizer content, as well as the percentage loss of each cinna-
mate.

As can be seen, PLA degrades in a single step with an onset
degradation temperature of 335.7 °C according to its TGA ther-
mogram, and a maximum degradation rate temperature of 372–
373 °C. This stage comprises the temperature range between
320 and 400 °C and represents a weight loss of more than 95%,
which is related to chain scission through ester groups as Agüero
et al. proposed.[60] A second (and almost negligible) stage can
be observed at temperatures comprised between 420 and 500
°C, which promotes the total degradation of the residual back-
bone, and char formation. With regard to plasticized PLA for-
mulations with cinnamates, the characteristic TGA degradation

Table 3. Summary of thermal parameters obtained by thermogravime-
try (TGA) tests of neat PLA and plasticized PLA formulations containing
20 wt% of cinnamic acid esters.

Code Nominal
plasticizer

content [wt%]

Mass loss
at 300 °C

[%]

Plasticizer
loss [%]

Tdeg [°C]

PLA – – – 370.7 ± 4.6

PLA-MC 20 17.7 ± 0.3 11.5 ± 1.5 373 ± 7.5

PLA-IBC 20 18.6 ± 0.4 7 ± 2.0 373 ± 6.3

PLA-AC 20 14.3 ± 0.9 28.5 ± 4.5 370.7 ± 4.2

PLA-EC 20 10.9 ± 0.7 45.5 ± 3.5 373 ± 7.0

curve shows remarkable differences. In particular, a first stage,
comprised between 200 and 300 °C is observed, which is at-
tributable to the plasticizer loss as monomeric plasticizers are
more volatile than polymeric plasticizers. This phenomenon has
also been observed by Arrieta et al.[61] in plasticized PLA formula-
tions containing 15 wt% limonene (with a boiling point of 176–
177 °C). TGA results showed some plasticizer was lost during
processing at 180 °C for 5 min. Despite they used a nominal wt%
limonene of 15% and 20%, the residual plasticizer after process-
ing was 6.5% and 8.5%, respectively, which represents a percent-
age loss of 56.7%, and 57.5% for the composition containing a
nominal limonene content of 15% and 20%, respectively. Martino
et al.[62] observed this plasticizer loss in plasticized PLA with a
monomeric plasticizer, namely, dioctyl adipate (DOA), while this
phenomenon was almost negligible in some polymeric polyadi-
pates, thus corroborating the sensitiveness of monomeric plasti-
cizers to volatilization during thermal processing.

In this work, the maximum plasticizer loss is obtained for ethyl
cinnamate with a weight loss of 45.5% while the minimum plas-
ticizer loss is detected for IBC. These results are similar to those
reported previously with other monomeric plasticizers, and as ob-
served by Llanes et al.,[59] this loss does not compromise the plas-
ticization efficiency, especially with high nominal plasticizer con-
tent. Despite TGA has revealed some plasticizer loss attributable
to processing conditions, the code used in this manuscript will in-
clude the nominal wt% (20 wt%), while the actual plasticizer con-
tent obtained from Table 3 will be used to calculate some thermal
properties, in particular, the normalized enthalpies to estimate
the degree of crystallinity.

3.3. Mechanical Properties of Plasticized PLA with Cinnamates

The main mechanical properties obtained by tensile, Charpy, and
Shore D hardness tests are gathered in Table 4 while Figure 4
shows a comparative plot of the curves. Neat PLA shows its typi-
cal brittle behavior with a tensile modulus and strength of 2427.7
and 52.7 MPa, respectively. It is worthy to note its low elongation
at a break of 3.9% which confirms its low toughness and brit-
tleness as proposed by Tejada-Oliveros et al.[63] In general, cin-
namates provide interesting plasticization properties to PLA, ex-
cept for the plasticized formulation with ethyl cinnamate. As can
be seen in Table 4, the plasticized PLA formulations containing
20 wt% of MC, IBC, and AC are less rigid as their corresponding
tensile moduli, in the 997–1323 MPa range suggest. Accordingly,
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Table 4. Summary of the mechanical properties (tensile properties, Shore D hardness, and impact strength) of neat PLA and plasticized PLA formulations
containing 20 wt% of cinnamic acid esters.

Code Tensile properties Shore D hardness Impact strength [kJ m−2]

Elastic modulus, Et [MPa] Strength, 𝜎t [MPa] Elongation at break, 𝜖b [%]

PLA 2427.7 ± 63.6 52.7 ± 1.4 3.9 ± 0.3 61.6 ± 1.3 3.9 ± 0.2

PLA-MC 1322.9 ± 96.8 21.5 ± 1.3 285 ± 13.6 57 ± 0.9 4.1 ± 0.3

PLA-IBC 1103.8± 101.6 17.4 ± 0.9 250 ± 8.8 54. 7 ± 0.8 4.8 ± 0.3

PLA-AC 996.9 ± 102.8 14.6 ± 0.7 339.4 ± 15.7 54.7 ± 0.5 5.6 ± 0.4

PLA-EC 2421.4 ± 77.3 34.6 ± 1.9 2.8 ± 0.1 61.63 ± 1.7 3.5 ± 0.2

Figure 4. Comparative tensile test of neat PLA and plasticized PLA formu-
lations containing 20 nominal wt% of cinnamic acid esters.

the tensile strength of the plasticized PLA formulations is smaller
with values ranging from 14.6 (PLA-AC) up to 21.5 MPa (PLA-
MC). The reduction in strength is a typical effect with the incor-
poration of a plasticizer, as many other researchers propose.[64,65]

This effect is associated with the increased chain mobility that
promotes the breakage of the sample with lower tensile strength.
Another factor to consider is that the tensile strength of most of
the most commonly used polymers is in the 20–35 MPa range.[66]

The most astonishing effect is the increase in the elongation
at break which changes from 3.9% (neat PLA) up to values above
250% with MC, IBC, and AC. This confirms the exceptional plas-
ticization efficiency of these three cinnamic acid esters, namely
MC, IBC, and AC. Since PLA is a polyester, the presence of ester
groups in cinnamates positively contributes to establishing hy-
drogen bonding thus improving their affinity.[32,67] These results
are very promising and comparable to those reported by Arrieta
et al.[68,69] in plasticized PLA films containing 15 wt% ATBC, with
an elongation at break in the 180–225% range. With regard to EC,
the mechanical properties suggest poor plasticization efficiency
since the tensile modulus is almost identical to that of neat PLA
and the elongation at break is not improved; in fact, it is lower
than neat PLA. Despite the theoretical approach to solubility in-
dicating EC was a good candidate for PLA plasticization, as indi-
cated previously, the actual amount of remaining EC in PLA is the
lowest of all four cinnamates (10.9 wt%), which seems to be insuf-

ficient to trigger the plasticization mechanisms. This is reflected
in poor mechanical properties as observed by Kasmi et al.,[65] in
plasticized PLA with ferulic acid derivates. This threshold to trig-
ger the plasticization properties has been described by Murariu
et al.,[70] in PLA plasticized with increasing content of glyceryl
triacetate (GTA), and tributyl O-acetyl citrate (TBAC). They ob-
served that the nominal strain at break of neat PLA (11%) was
not improved by the addition of 10 wt% GTA or TBAC with nom-
inal strain values of 11% and 8%, respectively. Nevertheless, the
nominal strain at break was surprisingly higher by the addition
of 15 wt% of GTA of 15 wt% TBAC, which suggested a plasticizer
threshold is needed to obtain clear evidence of plasticization, and
obviously, it depends on the compound.

With regard to the impact strength, this is directly related
to toughness. As depicted in Table 4, neat PLA has an impact
strength of 3.9 kJ m−2; once again, all plasticized PLA formula-
tions with cinnamates, except that with ethyl cinnamate, offer in-
creased impact strength, thus giving evidence of improved tough-
ness. The plasticized formulation with allyl cinnamate shows
an impact strength of 5.6 kJ m−2, which is remarkably higher
than that of neat PLA. As tensile properties suggested, ethyl cin-
namate does not improve the impact strength but a slight de-
crease is obtained. In this case, ethyl cinnamate provides an
anti-plasticization effect as reported in the literature in plasti-
cized polymers with low amounts of plasticizers, below a certain
threshold as proposed by Jacobsen et al.[71] Other authors have
reported the implementation of different strategies to improve
the toughness of PLA by the introduction of nucleating agents or
by blending with other polymers.[72,73] The Shore D hardness fol-
lows the same tendency observed in tensile properties regarding
modulus. Once again, all cinnamates except for ethyl cinnamate,
give low Shore D hardness values thus indicating good plasticiza-
tion.

3.4. Morphology of Fracture Surface of Plasticized PLA with
Cinnamates

The morphology of the fractured samples after the impact test
was studied by FESEM (Figure 5). Figure 4a shows the typical
brittle fracture of neat PLA with a smooth and flat surface which
is representative of low (or almost absence) plastic deformation
as suggested by Gonzalez et al.[55] Plasticization with methyl
trans-cinnamate, IBC, and allyl cinnamate leads to a noticeable
change in surface morphology. Figures 4b and 4c show the mor-
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Figure 5. Field emission scanning electron microscopy (FESEM) images of the fracture surface of specimens after Charpy’s impact test of a) neat PLA,
b) PLA-MC, c) PLA-IBC, d) PLA-AC, and e) PLA-EC. Images were taken at 1000×, with a marker scale of 5 μm.

phology of the fractured surface of PLA-MC and PLA-IBC, respec-
tively. These images show some filaments and a rough and het-
erogeneous surface which are representative of plastic deforma-
tion. This morphology confirms the obtained mechanical proper-
ties. Similar morphology was described by Rojas-Lema et al.,[45]

in plasticized PLA with OLA. This rough surface is even more
pronounced in PLA-AC (Figure 4d) with a wavy rough surface re-
lated to increased ductile behavior. The incorporation of an effec-
tive plasticizer also contributes to reducing microcrack formation
and growth since no microcracks can be observed in Figure 4b–
d. This behavior has been reported by Lascano et al.[74] in plasti-

cized PLA with OLA with a particular increase in impact strength
related to plastic deformation. Regarding the surface morphol-
ogy of the plasticized PLA formulation with ethyl cinnamate (Fig-
ure 4e), it can be clearly distinguished the typical brittle flat sur-
face, which is in accordance with the observed mechanical prop-
erties. This morphology agrees with the previous TGA charac-
terization that revealed the lowest remaining plasticizer for ethyl
cinnamate. It is worth noting the absence of phase separation in
all four cinnamate-plasticized PLA formulations. If phase separa-
tion occurs due to restricted miscibility, a second phase, usually
with a spherical shape, appears. This effect has been described

Macromol. Mater. Eng. 2023, 308, 2300022 2300022 (7 of 12) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Table 5. Summary of the main thermal parameters obtained by DSC tests of neat PLA and plasticized PLA formulations containing 20 wt% of cinnamic
acid esters.

Code Tg [°C] Tm [°C] ΔHm [J g−1] Tcc [°C] ΔHcc [J g−1] 𝜒c [%]a) 𝜒c_max [%]b)

PLA 61.7 ± 1.2 168.4 ± 3.4 17.5 ± 0.4 113.4 ± 2.3 4.9 ± 0.1 13.5 ± 0.3 18.8 ± 0.4

PLA-MC 47.4 ± 0.5 163.6 ± 2.5 29.8 ± 0.5 92.6 ± 1.9 22.7 ± 0.4 9.3 ± 0.2 38.9 ± 0.7

PLA-IBC 44 ± 0.9 164 ± 3.3 29.6 ± 0.4 89.3 ± 1.4 22.7 ± 0.5 9.1 ± 0.2 39.1 ± 0.5

PLA-AC 36.1 ± 0.5 159.9 ± 3.2 33 ± 0.3 85.3 ± 1.7 23.1 ± 0.4 12.4 ± 0.2 41.4 ± 0.4

PLA-EC 56.8 ± 1.1 167.3 ± 1.7 32.3 ± 0.7 97.3 ± 1.6 21.7 ± 0.4 12.8 ± 0.4 39.0 ± 0.9

a)
𝜒c stands for the degree of crystallinity of injection molded samples;

b)
𝜒c_max stands for the maximum degree of crystallinity reached by samples after heating in DSC.

Figure 6. Differential Scanning Calorimetry (DSC) thermograms of the
second heating step for PLA and plasticized PLA formulations containing
20 wt% of cinnamic acid esters.

by Ferri et al.[44] in plasticized PLA with epoxidized fatty acid es-
ters (EFAE). Above 4.7 wt% EFAE, plasticizer saturation occurs,
thus leading to a phase separation phenomenon that also has a
negative effect on mechanical properties. This phenomenon can-
not be observed in Figure 4, thus suggesting the good affinity of
PLA with all cinnamates, independently of their plasticization ef-
ficiency, as the theoretical study of the solubility parameters in-
dicated.

3.5. Thermal Properties of Plasticized PLA with Cinnamates

Table 5 gathers the main thermal properties obtained by DSC and
Figure 6 the thermogram’s representation.

As previously indicated, one of the main aims of incorporat-
ing plasticizers is to provide improved flexibility or ductility. The
plasticizer efficiency can be assessed by the decrease in the glass
transition temperature (Tg) it provides. As the Tg decreases, chain
mobility is favored and hence, mechanical ductile properties are
improved in Murariu et al. work.[70] All four cinnamate lead to a
decrease in the glass transition temperature of neat PLA, which
is located at 61.7 °C. In accordance with the previously reported
mechanical properties, allyl cinnamate gave the maximum elon-
gation at the break on plasticized PLA (339.4%). These results
are with the observed Tg values since PLA-AC has the lowest

Tg of all plasticized PLA formulations, with a value of 36.1 °C.
IBC and methyl trans-cinnamate also give a noticeable decrease
in Tg, with values of 44 and 47.4 °C, respectively, thus showing
their good plasticization efficiency. With regard to ethyl cinna-
mate, it also provides a decrease in Tg but not as high as those
observed with the other cinnamates which agree with the lowest
plasticizer content. This noticeable decrease in Tg is due to the
insertion of low molecular weight cinnamate molecules between
the PLA chains in the amorphous regions, with a subsequent in-
crease in the free volume and a weakening of the polymer chain-
to-polymer chain intermolecular interactions, which in turn, pro-
vide increase chain mobility.[75–77] Despite Llanes et al.[59] re-
ported a noticeable decrease in Tg of neat PLA from 58 °C down
to 35 and 22 °C for DBM (12 wt% DBM), and DMF (12 wt%
DBF), respectively, the obtained values for elongation at break
were 111.9% and 210% for the plasticized PLA formulation with
DBM and DBF, respectively. On the other hand, despite the Tg of
plasticized PLA formulations containing 7 wt% DBM and DBF
being significantly lower, namely 37 and 40 °C, respectively, the
plasticization efficiency, in terms of ductile properties, was very
poor, with very low elongation at break values (<3%), thus sug-
gesting there is a threshold to provide good plasticization. In fact,
this situation is similar to that obtained in this study with ethyl
cinnamate, which provides a moderate decrease in Tg, while me-
chanical ductile properties were not improved.

The plasticization efficiency is also evidenced by a shift of the
cold crystallization peak (Tcc) to lower temperatures. The Tcc for
neat PLA is 113.4 °C and, in agreement with the Tg values, allyl
cinnamate-plasticized PLA formulations give the lowest Tcc value
of 85.3 °C. Tábi et al.[78] reported PLA is a polymorphic polymer
with four different crystal types: 𝛼, 𝛽, 𝛾 , 𝜖, and a disordered crys-
tal form, 𝛼′. Despite 𝛼-crystals being developed from the melt at
temperatures above 120 °C, the 𝛼′-crystals are obtained at temper-
atures below 100 °C. A mixture of 𝛼- and 𝛼′-crystals is obtained
in the 100–120 °C range. Since the Tcc changes from 113.4 °C for
neat PLA to values lower than 100 °C for all four cinnamates, a
change in the crystal-type formation is expected. Baiardo et al.[79]

reported this noticeable decrease in Tcc in plasticized PLA formu-
lations containing ATBC and different molecular weight PEGs.

As indicated by Shi et al.,[80] the degree of crystallinity in PLA
developed under conventional processing techniques is relatively
low. This low crystallization rate results in a low degree of crys-
tallinity, 𝜒 c%. In this work, neat PLA shows a 𝜒 c% of 13.5% after
the injection molding process (calculated by subtracting the cold
crystallization peak enthalpy, ΔHcc to the melt peak crystalliza-
tion enthalpy, ΔHm) and cannot reach much more crystallinity

Macromol. Mater. Eng. 2023, 308, 2300022 2300022 (8 of 12) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202300022 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [18/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mame-journal.de

Figure 7. Comparative plots of the evolution of a) storage modulus, E’ and
b) dynamic damping factor, tan 𝛿, as a function of the temperature of neat
PLA and plasticized PLA formulations containing 20 wt% of cinnamic acid
esters.

after heating as indicated by its 𝜒 c_max% of 18.8% (calculated con-
sidering only the melt peak crystallization which includes the de-
gree of crystallinity developed during processing plus the cold
crystallization contribution). Plasticizers have an effect on crys-
tallinity, as observed in Table 5 with the addition of plasticizers.
The presence of any of the four cinnamates considered in this

study leads to a noticeable increase in the maximum degree of
crystallinity that can be developed after processing plus cold crys-
tallization, reaching values around 40%. These results agree with
those reported by Xiao et al.[81] on plasticized PLA with triphenyl
phosphate (TPP). They observed a 𝜒 c% of 13.8% for neat PLA,
which was almost the maximum since they did not observe cold
crystallization. The addition of TPP in the 10–30 wt% range led to
a remarkable increase in the crystallinity developed during cold
crystallization, up to values in the 26–30% range, and in a parallel
way, the maximum degree of crystallinity increases in a remark-
able way up to values ranging from 43.8% to 52.5% for 10 wt%
TPP and 30 wt% TPP, respectively.

3.6. Dynamic-Mechanical Thermal Properties of Plasticized PLA
with Cinnamates

Figure 7 shows the DMTA behavior of neat PLA and all four plas-
ticized formulations containing 20 wt% of different cinnamates.
Moreover, Table 6 gathers some useful information obtained by
DMTA. Figure 5a shows the plot comparison of the storage mod-
ulus (E′) as a function of increasing temperature. As it can be
clearly seen, plasticization with all four cinnamates leads to a shift
of the storage modulus curve to lower temperatures due to the in-
creased chain mobility. Another typical effect of plasticization on
DMTA behavior is a decrease in E′ all along the considered tem-
perature range. While neat PLA shows an E′ value of 1714.3 MPa,
plasticization with methyl trans-cinnamate and allyl cinnamate
gives half the values of neat PLA, 812.8 and 965.8 MPa, respec-
tively. Once again, the effect of ethyl cinnamate stands out. As
previously indicated, the actual amount of this plasticizer con-
tained in PLA is lower than other cinnamates, and therefore, its
plasticization effects are less intense. This low plasticization ef-
ficiency of ethyl cinnamate can be seen in Figure 7a, since the
shift of the E′ versus T curve toward lower temperatures is less
pronounced than those obtained with the other cinnamates. Ac-
cordingly, PLA-EC is stiffer than other PLA-cinnamate formula-
tions; in fact, its E′ value at 20 °C is slightly lower (1559.6 MPa)
than neat PLA (1714.3 MPa). As mentioned above, plasticiza-
tion with cinnamates provides increased chain mobility, thus al-
lowing more ductility, and subsequently, less rigid materials are
obtained. The plasticizer provides increased free volume and a
weakening of the polymer chain-to-polymer chain interactions,
which results in more ductile materials, with increased elonga-
tion ability as Harte et al. reported.[82] In this work, all four cin-
namates promote a decrease in the temperature at which the 𝛼-
relaxation process takes place. This phenomenon is frequently
associated with a glass transition temperature (Tg) but it can be

Table 6. DMTA of neat PLA and plasticized PLA formulations containing 20 wt% of cinnamic acid esters.

Code T𝛼
a) [°C] FWHMb) [°C] tan 𝛿 peak maximum E′ at 20 °C [MPa] E’ at 50 °C [MPa]

PLA 67 ± 1.3 9.2 ± 0.5 2.57 ± 0.20 1714.3 ± 27.4 1598.3 ± 25.6

PLA-MC 37.8 ± 0.6 12.3 ± 1 2.34 ± 0.18 812.8 ± 13.0 2.2 ± 0.1

PLA-IBC 41.23 ± 0.6 14.4 ± 1.1 1.78 ± 0.24 1119.9 ± 15.7 2.4 ± 0.1

PLA-AC 35.63 ± 0.5 15.9 ± 1.4 1.42 ± 0.22 965.8 ± 14.5 3.1 ± 0.1

PLA-EC 47.26 ± 0.8 11.8 ± 1.2 2.29 ± 0.17 1559.6 ± 26.5 4.7 ± 0.1

a)
The T𝛼 in DMTA has been calculated by using the tan 𝛿 peak maximum criterion;

b)
FWHM stands for the full-width at half-maximum of the tan 𝛿 peak.

Macromol. Mater. Eng. 2023, 308, 2300022 2300022 (9 of 12) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202300022 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [18/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mame-journal.de

also named a T𝛼 .[83]As can be seen in Figure 7a, neat PLA shows
an almost constant storage modulus up to 50 °C. In the 50–
70 °C range, the storage modulus decreases by three orders of
magnitude. This dramatic decrease is related to the softening 𝛼-
relaxation process. Despite there are several criteria to assess the
T𝛼 from DMTA data, one of the most used is the peak maximum
of the dynamic damping factor (tan 𝛿), as observed in Figure 7b.
By consideringthis criterion, neat PLA has a T𝛼 of 67 °C while
all plasticized formulations with cinnamates show a noticeable
decrease by reaching T𝛼 values below 50 °C. It is worthy to re-
mark on the exceptionally low T𝛼 value allyl cinnamate provides
to PLA, which agrees with the mechanical properties mentioned
above. Despite the T𝛼 values by using the tan 𝛿 peak criterion
being different from those obtained by the change in the heat
capacity observed by DSC, they follow the same tendency. The
lowest T𝛼 value measured by DSC was for allyl cinnamate (36.1
°C), and the Tg by DMTA for this plasticized formulation is the
lowest (35.6 °C). It is worth noting that T𝛼 represents a change in
the mechanical behavior from a rigid and stiff state to a rubbery-
like state. By taking into account the T𝛼 of neat PLA (67 °C) and
the T𝛼 of all four plasticized PLA formulations with cinnamates,
is below 50 °C, this change from a rigid to a rubbery-like state can
be seen by the storage moduli at 50 °C. While neat PLA shows an
E′ value of 1598.3 MPa, (close to the value measured at room tem-
perature), the E′ values for all cinnamate-plasticized PLA formu-
lations are noticeably lower (<5 MPa). The plasticization effect
can also be observed by the tan 𝛿 peak shape since plasticized for-
mulations offer a broader peak. This effect can be estimated by
measuring the full-width at half-maximum (FWHM) as seen in
Table 6. A plasticized formulation usually leads to micro hetero-
geneities in composition inside the amorphous regions, in which
the plasticizer enters preferentially. This leads to a differential
interaction between PLA chains and PLA-plasticizer molecules,
which in turn, provides a broader temperature range for the glass
transition, resulting in higher FWHM values.[31] This broaden-
ing effect of plasticizers on the tan 𝛿 peak was also observed by
Ivorra-Martinez et al.[64] in plasticized PLA with dibutyl itaconate
(DBI). They observed a decrease in T𝛼 from 68.7 (neat PLA) to
39.7 °C for the plasticized formulation containing 20 wt% DBI.
The corresponding elongation at break for this plasticizer con-
tent was 262%, thus showing the high efficiency of the proposed
cinnamic acid esters as green plasticizers for PLA.

4. Conclusions

The present work has addressed the potential of several cinnamic
acid esters as green plasticizers for PLA with improved ductile
properties. MC, IBC, and AC have revealed exceptional plasti-
cization efficiency, with a noticeable increase in elongation at
break of neat PLA (3.9%), up to 285%, 250%, and 339.4%, respec-
tively, when incorporated at a constant proportion of 20 wt%. In
parallel to this improvement in ductility, the impact strength is
also improved, thus showing the potential of these plasticizers
to improve toughness. This exceptional plasticization is directly
related to a decrease in the glass transition temperature (Tg) due
to increased polymer chain-to-polymer chain interactions and in-
creased chain mobility. The Tg of neat PLA, located at 61.7 °C (as
obtained by DSC), was reduced down to values of 36.1 °C for the
plasticized PLA formulation containing AC, and a remarkable in-

crease in the maximum degree of crystallinity from 18.8% (neat
PLA) up to 44.4% for allyl cinnamate-plasticized PLA. Despite all
cinnamates used in this study showing a boiling point above 250
°C, and the typical processing temperature of PLA by injection
molding is 180–190 °C, some plasticizer is removed during pro-
cessing. The extent of the lost plasticizer can be assessed by TGA.
Although the nominal content of the different cinnamates was
20 wt%, the actual plasticizer content was confirmed by TGA with
values of 17.7, 18.6, and 14.3 wt% for methyl trans-cinnamate,
IBC, and allyl cinnamate, respectively, while the remaining plas-
ticizer in ethyl cinnamate-plasticized PLA was about 10.9 wt%,
which is not enough to trigger the plasticization mechanisms on
PLA. The plasticization efficiency of some cinnamates is compa-
rable, or even superior, to that obtained with conventional plas-
ticizers for PLA, such as triethyl citrate (TEC), ATBC, and PEG,
among others, thus showing the potential of esters of cinnamic
acid as green plasticizers for PLA with improved ductile proper-
ties.
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