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ABSTRACT:	New fully biobased polyether/esters have been synthesized by a one-pot polymerization reaction of ricinoleic
acid (RA), vanillic acid (VA) and ethylene carbonate (EC). In particular, EC selectively reacts with the
phenolic group of VA to obtain in-situ 4-(2-hydroxyethoxy)-3-methoxybenzoate (EV), suitable for subsequent
copolymerization with RA. The procedure was carried out in a single step, without any solvent. Chemical
structure and thermal properties of the new materials were studied in order to explore relationships between
composition and final performances. The combination of EV, bearing a rigid aromatic structure, with RA,
characterized by high flexibility and potential biocidal activity, allows the production of a novel class of fully
biobased aliphatic-aromatic polymers presenting tuneable thermal properties and suitable for a range of
applications, for example, in active packaging and biomedical fields.
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1

INTRODUCTION

Driven by the sustainability issue, recent years have
seen impressive progress in biobased production
pathways from renewable raw materials to commercial goods and particularly to fully biobased plastics
[1–4]. Among the most interesting chemical building
blocks, aromatic compounds represent a broad class of
molecules which are mostly derived from fossil feedstock. However, renewable routes to many aromatic
products are now being consolidated [5–10], owing to
the development of technologies for establishing successful biorefineries.
Vanillin and its derivatives are among the aromatic
compounds that mostly evoke strong research interest
in developing biobased production processes, which is
also related to their great potential as polymer building
blocks and as commodity chemicals [11, 12]. Moreover,
since vanillin is one of the very few biobased aromatic
building blocks available at an industrial scale from
lignin, it possesses the potential to become a key
intermediate for the synthesis of biobased polyesters
endowed with elevated thermomechanical properties
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[13]. A review by Fache et al. [14] sums up all the scientific work carried out up to 2015 to prepare a wide
range of vanillin-based polymers, among which are
polyesters. Moreover, it is reported that vanillin can be
used for the synthesis of epoxy polymers, as a substitute for bisphenol A [15], or for the synthesis of polycarbonates [16], or methacrylate resins with properties
comparable to those of commercial vinyl ester-based
thermosets [17, 18]. Vanillin can also be employed
for the synthesis of novel polymeric materials with
interesting properties such as thermotropic liquid
crystalline materials [19], high-performance polybenzoxazine thermosets [20], antimicrobial polymer films
[21, 22] and antioxidant biomaterials [23]. Meier and
Firdaus [24] copolymerized vanillin derivatives with
fatty acids and obtained thermoplastic materials with
relatively high molecular weight (up to 17 kDa) and
with a wide range of melting and glass transition temperatures ranging from 16 to 78 °C and from –37 to –14
°C, respectively.
Previously, we studied the homopolymerization of
vanillic acid (PEV) performed by reaction with ethylene carbonate and subsequent solid state polymerization [25]. PEV is characterized by a high thermal
transition, notable crystallinity, low molecular weight
and brittleness; for these reasons it was copolymerized
with ε-caprolactone to obtain fully biobased copolyester with tuneable thermal properties.
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The present study aims at widening the possibilities of exploiting vanillic acid as a biobased aromatic
building block to build new copolymers with modulated properties according to their composition. Novel
copolyesters have been prepared starting from ricinoleic acid, which is a hydroxylated unsaturated fatty
acid derived from castor oil produced by the Ricinus
communis plant [26]. Ricinoleic acid possesses four
functionalities: a carboxylic moiety, a hydroxyl group,
a C=C unsaturation and a long aliphatic chain. Such
a unique structure has allowed castor oil to become a
very attractive natural feedstock in biorefinery as an
alternative to many fossil-based products. Nowadays,
castor oil represents a main constituent in applications
such as specialty soaps, adhesives, surfactants, cosmetics and personal care products, wax substitutes,
inks, perfumes, plasticizers, paints and coatings, lubricant materials, including a wide range of polymeric
materials, as well as in the food, fine chemical, and
pharmaceutical industries [27, 28].
The carboxyl and the hydroxyl functional groups
can be exploited for the preparation of polyesters
while the unsaturation can be employed for the preparation of thermosets by means of crosslinking reactions, or to covalently link bioactive molecules [27].
Moreover, the dangling chain, acting as plasticizer,
can influence the mechanical and physical properties
of the final materials by reducing the glass transition
temperature [29] or by imparting antimicrobial activity [27]. The self-polycondensation of ricinoleic acid
(PRA), described in our previous study [30], leads to
a viscous amorphous liquid at ambient temperature,
with a very low glass transition temperature (–67 °C)
and a superior antibacterial efficacy [27]. These features were exploited in the preparation of copolyesters [27] and electrospun fibers with poly(butylene
succinate) (PBS) [30].
Considering therefore that both PEV and PRA
homopolymers are materials with limited mechanical properties and restricted applicability, the strategy
here was to combine the rigid aromatic structure of
vanillic acid with the high flexibility and notable biocidal potential of ricinoleic acid to prepare new copolymers suitable for different kinds of applications,
such as packaging.
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Aldrich, with purities of 99% or more, as declared by
the manufacturer) were not purified before use. Methyl
vanillate (MV) monomer and poly(ethylene vanillate)
(PEV) homopolymer were previously synthesized in
our laboratory [25].

2.2

Synthesis of Methyl Ricinoleate (MR)

Ricinoleic acid (14.9 g, 50 mmol), methanol (100 ml)
and sulphuric acid (0.5 ml) were introduced in a 250ml round-bottom flask equipped with a magnetic stirrer
and a reflux column. The mixture was allowed to react at
reflux overnight, then the methanol was removed under
reduced pressure. The resulting oil was solubilized in
50 ml of ethyl acetate, washed with 50 ml of NaHCO3
solution and subsequently with water (3 portions of 50
ml). Finally, the organic phase was collected, dried over
MgSO4 and the solvent removed under reduced pressure to obtain methyl ricinoleate (yield 98%).

2.3 Synthesis of Poly(ethylene
vanillate-co-ricinoleic acid)
Copolymers (P(EV-co-RA))
First, MV (1.82 g, 10 mmol), EC (0.968 g, 11 mmol),
potassium carbonate (10 mg, 0.073 mmol), DBTO (5
mg, 0.02 mmol) and MR (different amounts of MR
were used according to Table 1) were introduced into a
100-ml three-neck round-bottom flask equipped with
a magnetic stirrer. Then the mixture was heated under
nitrogen atmosphere at 190 °C for 3 hours. The pressure was then slowly reduced to 0.15 mBar while the
temperature was gradually increased to 230 °C during
3 hours. Finally, the mixture was kept for a further 3
hours before collecting the polymer.
The copolymers are named with the P(EV-coRA)-X/Y abbreviation, where EV indicates the units
derived from benzoic acid, 4-(2-hydroxyethoxy)-3-methoxy methyl ester and RA indicates the units derived
Table 1 Molar fractions of EV and RA units and molecular weight of P(EV-co-RA) copolyesters and corresponding
homopolymers.

FEV a FRA a Mn ∙ 10–3 b Mw ∙ 10–3 b

Sample
PEV

2
2.1

EXPERIMENTAL
Materials

Vanillic acid (VA), ethylene carbonate (EC), potassium carbonate ricinoleic acid (RA), dibuthyltin oxide
(DBTO), methanol (MeOH), sulfuric acid, sodium
bicarbonate, ethyl acetate, magnesium sulfate (all from
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1

4.7a

–

P(EV-co-RA)-70/30 0.70 0.30

4.0

12.5

P(EV-co-RA)-50/50 0.48 0.52

2.0

6.8

P(EV-co-RA)-20/80 0.14 0.86

3.0

8.0

PRA

2.7

8.0

–

–

1

Determined by H-NMR (Equations 1 and 2)
Determined by GPC

a

1

b
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from ricinoleic acid. X/Y is the molar feed ratio of
vanillic acid-to-ricinoleic acid.

2.4

Characterization

The 1H-NMR spectra were recorded at room temperature on samples dissolved in CDCl3/CF3COOD
(80/20 V/V) using a Varian Inova 600 spectrometer,
the proton frequency being 600 MHz. The 13C-NMR
spectra were recorded at 150.8 MHz, with a Varian
Inova 600 spectrometer, equipped with a direct broadband probe optimized for X detection, and obtained
after accumulating at least 5000 scans with a digital
resolution of 0.552 Hz/point, corresponding to a spectral width of 36199 Hz. The experiment used a pulse
width of 3.95 µs, an acquisition time of 1.000 s and a
relaxation delay of 3.000 s. The measurements were
performed at 25 °C.
Molecular weights (expressed in equivalent polystyrene) were determined by gel permeation chromatography (GPC), using a Hewlett Packard Series 1100
liquid chromatography instrument equipped with a
TSKgel SuperMultiporeHZ-M column. A mixture of
CHCl3/1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (95/5
V/V) was used as eluent and a calibration plot was
constructed with polystyrene standards.
The thermogravimetric analysis (TGA) was performed using a PerkinElmer TGA 4000 thermobalance
under nitrogen atmosphere (gas flow 40 ml min–1)
at 10 °C min–1 heating rate from 30 °C to 800 °C. The
temperature of the maximum degradation rate (TD),
corresponding to the maximum of the differential
thermogravimetric curve, was calculated.
The calorimetric analysis was carried out by means
of a PerkinElmer DSC6, calibrated with high purity
standards. The measurements were performed under
a nitrogen flow. In order to cancel the previous thermal
history, the samples (ca. 10 mg) were initially heated
at 20 °C min–1 to different temperatures, varying from
150 to 300 °C according to the sample characteristics,
kept at high temperature for 3 min and then cooled to
–75 °C at 20 °C min–1. After this thermal treatment, the
samples were analyzed by heating them from –75 °C
to 150–290 °C at 20 °C min–1 (2nd scan). During the
cooling scan the crystallization temperature (Tc) and
the enthalpy of crystallization (∆Hc) were measured.
During the 2nd scan, the melting temperature (Tm) and
the enthalpy of fusion (∆Hm) were determined. The
glass transition temperature (Tg) was measured during a heating scan at 20 °C min–1 after quenching the
molten sample in liquid nitrogen.
Data from wide angle X-ray diffraction (WAXD)
were collected in the 2θ range 5–60° using an X’PertPro
diffractometer, equipped with a copper anode (Ka
radiation, l = 1.5418 Å) and an X’Celerator detector.
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WAXD analyses were performed on samples after the
following thermal treatment in DSC: heating at 20 °C
min–1 to different temperatures, varying from 150 to
300 °C according to the sample characteristics, 3 min of
isotherm at this temperature and then cooling to room
temperature at 20 °C min–1.
Optical microscopy observations were performed
using a Carl Zeiss Axioskop 2 optical polarizing microscope (POM) equipped with a Linkam THMS 600 hot
stage. A video camera allowed image acquisition during the crystallization process. A small amount of sample was placed between a coverslip and a slide, heated
up to different temperatures, ranging from 270 to 300
°C according to the sample characteristics, and held
at high temperature for 1 min. Then the samples were
cooled at 10 °C min–1 by means of a nitrogen flow to
observe the crystallization process.

3
3.1

RESULTS AND DISCUSSION
Synthesis of the Copolymers

Ricinoleic acid, methyl vanillate and ethylene carbonate were polymerized in bulk by a one-pot reaction (Figure 1). According to a procedure previously
reported [25], methyl vanillate and ethylene carbonate
react to obtain in-situ ethylene vanillate, which subsequently can undergo homopolymerization to obtain
poly(ethylene vanillate), or react with a polymerization partner (e.g., a carboxylic acid or ester). In particular, methyl vanillate was preferable, in comparison
with vanillic acid, since carboxylic acids are able to
react with carbonates, thus interfering with the reaction of the phenol and, therefore, with the stoichiometry of the reaction. Methyl ricinoleate was used as
comonomer due to its natural origin and to its linear
aliphatic structure, which is able to confer a notable
level of flexibility to the macromolecular chain.
A combination of stiff segments, based on PEV
structures, and aliphatic chains, based on ricinoleic
acid, should allow obtainment of fully biobased
copolyesters presenting tuneable thermomechanical
properties. For this purpose, three copolymers presenting different ratios of EV and ricinoleic acid (EV/
RA 70:30, 50:50 and 20:80 molar ratio) were synthesized in the presence of potassium carbonate and a
transesterification catalyst (DBTO).

3.2

Molecular Analysis

As already described [25], PEV is insoluble in the GPC
solvent and therefore it was only analyzed by 1H-NMR.
Table 1 reports the molecular weights of PEV, PRA and
their copolyesters.
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Figure 1 Synthetic pathway for the production of P(EV-co-RA) copolymers.

It is notable that the Mn and Mw values are rather
low, suggesting that both 4-(2-hydroxyethoxy)-3-methoxybenzoate (EV) and methyl ricinoleate are characterized by a poor reactivity. In particular, a higher
content of RA is associated with lower values of molecular weight. Such an effect is related to the lower reactivity of its secondary alcohol and the presence of a
lateral aliphatic chain with a notable steric hindrance.
However, in this work a classical two-stage polycondensation was used for the preparation of PRA, and a
higher molecular weight was obtained in shorter times
compared to those reported in the literature [31, 32].
This result differs from that obtain for P(EVco-CL) copolymers [25], where the molecular weights
increased with the amount of CL units, indicating a
higher reactivity of the ε-caprolactone under those
reaction conditions.
The new copolyesters were analyzed by 1H-NMR
to determine their molecular structure. In particular,
Figure 2 represents a typical 1H-NMR spectrum of
P(EV-co-RA)-50/50. Peak assignments are based on
the spectra recorded for PEV and PRA homopolymers,
and on the literature for copolymers. It is notable that
by comparing the integral values of the peak due
to Hk and the sum of the peaks related to Hf’ and Hf,
the amount of double bond is maintained for every
composition, despite the severe polymer conditions.
Moreover, the 1H-NMR spectra of the new copolymers
are consistent with their expected structure.
Four different diads have been identified in the
copolyester chains, namely (i) EV-EV sequence,
obtained from the reaction between carboxylic and
hydroxyl groups of the EV group; (ii) EV-RA sequence,
obtained from the reaction between hydroxyl groups
J. Renew. Mater., Vol. 6, No. 1, January 2018

of the EV units and carboxylic groups derived from
RA; (iii) RA-RA sequence, obtained from the reaction
between the carboxylic and hydroxyl groups derived
from RA; and (iv) RA-EV sequence, obtained from the
reaction between hydroxyl groups derived from RA
and carboxylic groups derived from EV units.
To determine the EV/RA composition, and therefore the molar fractions of EV (FEV) and RA (FRA), Hm
(7.72–7.78 ppm) and Hk (0.88 ppm) were chosen since
they are not affected by the chemical composition and
are free from overlapping with other signals. FEV and
FRA units were calculated by means of Equations 1 and
2, where I represents the integral of the signals:

FEV = Im / [ Im / (Ik / 3)](1)
FRA = (IK / 3) / (Ik + Im) = 1 – FEV(2)
FEV and FRA values of the synthetized copolymers are reported in Table 1 and well reflect the feed
composition.
In order to identify the average sequence lengths of
EV-EV and RA-RA units and the randomness degree
(B), some considerations regarding the NMR signals
are necessary. The individual signals should be analyzed to identify which of them are affected by the
copolymerization. Regarding PRA, Hf (5.31 ppm) and
Hh are strongly subjected to splitting, and Hf is not
completely resolved. Also, Hg and Ha are influenced
by the copolymerization, but the overlapping is too
strong. Finally, Hi (1.61 ppm) also splits, but Hi’ overlaps with it. Given these options, Hi appears to be the
best proton to consider for the PRA units.
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Figure 2 1H-NMR analysis of P(EV-co-RA)-50/50.

Regarding PEV, Hp (4.49 ppm), Hq (4.34 ppm) and
Hn (7.01 ppm) splits can be well identified, but Hq’ and
Hp chemical shifts are very close. Therefore, Hn intensity was selected.
The method reported by Devaux et al. [33] allows
calculation of the molar fractions of diads (Equations
3, 4, 5, 6), average sequence lengths of EV-EV and
RA-RA units (Equations 7, 8) and randomness degree
(Equation 9).

FRA − RA =

Ih
(3)
I h + I h′

Table 2 Average block lengths (L) and randomness degree
(B) of P(EV-co-RA) copolyesters determined by 1H- and
13
C-NMR.

By 1H-NMR
Sample

LEV-EV LRA-RA

By 13C-NMR

B

LEV-EV LRA-RA

B

P(EV-co-RA)-70/30 3.77

2.02 0.76 5.88

1.54

0.82

P(EV-co-RA)-50/50 2.16

2.77 0.82 2.74

2.23

0.81

P(EV-co-RA)-15/85 1.37

8.33 0.85 1.37

7.94

0.86

FEV − EV

In
=
(4)
I n + I n′

LEV − EV =

FEV − EV
+1 (7)
FEV − RA

FRA − EV

I
= h′ (5)
I h′ + I h

LRA − RA =

FRA − RA
+1 (8)
FRA − EV

FEV − RA =

I n′
(6)
I n′ + I n
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B=

1
LEV − EV

+

1
LRA − RA

(9)
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Figure 3 Expanded carbonyl region (165–185 ppm) of the 13C-NMR spectrum of P(EV-co-RA)-70/30.

The values of L and B calculated by 1H-NMR were
compared with those obtained by 13C-NMR (Table 2).
More specifically, C1 (168.5 ppm, EV-EV diad), C2 (168.6
ppm, EV-RA diad), C3 (177.7 ppm, RA-RA diad) and C4
(178.2 ppm, RA-EV diad), belonging to four different
carbonyl groups, were used to calculate the chemical
sequences, according to Equations 10, 11, 12, 13, 14, 15,
and 16 (Figure 3) [34–36].
As observed in Table 2, both methods to calculate
L and B values from 1H-NMR and 13C-NMR provided
similar results.

FEV − EV =

I1
(10)
I1 + I 2

FEV − RA =

I2
(11)
I1 + I 2

FRA − RA =

I3
(12)
I3 + I4

FRA − EV =

I4
(13)
I3 + I4

LEV − EV =

FEV − EV
+1 (14)
FEV − RA
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LRA − RA =

B=

FRA − RA
+1 (15)
FRA − EV

1
LEV − EV

+

1
LRA − RA

(16)

Moreover, the B values show that the sequence
distribution of copolymers is best approximated as
random and the sequence lengths vary following the
random copolymer model according to the changes in
composition.

3.3

Thermal and Morphological Analysis

The thermal stability of the samples was analyzed
by TGA under nitrogen and the temperatures of the
maxima of the differential thermogravimetric curves
(TD) are reported in Table 3. It is noteworthy that all
the samples showed a high stability against degradation processes starting above 300 °C. Poly(ethylene
vanillate) degraded in a single step at a higher temperature (TD = 406 °C), whereas poly(ricinoleic acid)
showed two separated peaks of decomposition at 360
and 450 °C, as previously reported [25, 27].
The degradation temperatures of the copolymers
were located between those of the two homopolymers
and the degradation process depended on the composition, as displayed in the thermogravimetric derivative curves reported in Figure 4.
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Table 3 TGA and DSC characterization of P(EV-co-RA) copolyesters and corresponding homopolymers.
TD a (°C)

Tgb (°C)

Tcc (°C)

ΔHcc (J∙g–1)

Tmd (°C)

ΔHmd (J∙g–1)

406

73

156

61

264

68

P(EV-co-RA)-70/30

366-410

–18

142

35

255

35

P(EV-co-RA)-50/50

362-408-453

–44

99

18

n.d.

n.d.f

P(EV-co-RA)-20/80

361-448

–60

–

–

–

–

PRA

360-450

–67e

–

–

–

–

Samplea
PEV

f

Determined by TGA under nitrogen at 10 °C min–1
b
Measured by DSC during the heating scan after quenching
c
Measured by DSC during the cooling scan at 20 °C/min
d
Measured by DSC during the 2nd heating scan at 20 °C/min
e
ref. [19]
f
not determinable due to the broad signal
a

–5

Normalized heat flow

Derivative weight % (% min–1)

0

–10

–15
PEV

PEV
P(EV-cc-RA)-70/30)
P(EV-co-RA)-50/50)
PEV

PRA

–20

P(EV-cc-RA)-70/30)

P(EV-co-RA)-70/30
P(EV-co-RA)-50/50

P(EV-co-RA)-50/50)

P(EV-co-RA)-20/80

–25
150

250

350

450

550

650

Endo

Temperature (°C)

Figure 4 TGA curves of PEV, PRA and P(EV-co-RA)
copolymers.

–80
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120

160

200

240

280
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Figure 5 DSC scans of PEV and some P(EV-co-RA)
copolymers.

P(EV-co-RA)-70/30 showed the first degradation
process at a temperature close to that of PEV, but the
presence of phenomena related to PRA sequences is
also evident as a shoulder of the main process. For the
P(EV-co-RA)-50/50 sample, both homopolymer degradation processes were noticeable and three peaks
detected by TGA. A further increase in the amount of
RA units led to a prevalence of PRA behavior and the
curve of P(EV-co-RA)-20/80 sample was characterized by the two peaks observed for PRA. For this latter
copolymer, the content of the EV units was too low
(corresponding to 10 wt%) to allow evidence of PEV
degradation. It is noteworthy that the TD measured
for the copolymers is similar to those of the homopolymers. The degradation phenomena of EV and RA
132  J. Renew. Mater., Vol. 6, No. 1, January 2018

co-units seems to be independent of the presence of
the other comonomer.
The thermal properties were determined by DSC
analysis according to the conditions described in
the experimental section. Table 3 reports the results
obtained during cooling and heating scans for PEV,
P(EV-co-RA), and PRA samples [27]. These data show
that PEV, P(EV-co-RA)-70/30 and P(EV-co-RA)-50/50
samples are semicrystalline while the P(EVco-RA)-20/80 sample has a thermal behavior similar
to that of the amorphous PRA. Crystallization and
melting processes depend on the copolymers composition, as shown from the DSC cooling and subsequent
heating scans reported in Figure 5.
© 2018 Scrivener Publishing LLC
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(b)

The PEV crystallizes at high temperature (156 °C)
with a high value of enthalpy (61 J g–1), indicating a
remarkable level of internal order reached after cooling from the melt, as discussed in a previous work
[25]. Such a behavior has been justified by considering
a higher mobility of the PEV chains around the rigid
aromatic rings with respect to the terephthalic units
in PET. Indeed, in PEV, where one carboxylic group is
substituted by an ether unit, the coplanarity between
two carbonyls and the phenyl groups is not present
and this confers more mobility to the chain and can
impart a higher chain-folding capability.
For P(EV-co-RA)-70/30 and 50/50 copolymers, the
presence of ricinoleic acid units disturbs the crystallization of EV-segments resulting in a noticeable lowering of Tc (from 156 °C for PEV to 99 °C for the 50/50
sample). However, the crystallization process is fast,
as shown by the narrow shape of crystallization peak
observed during the cooling scan. The presence of RA
units seems to have a remarkable influence on slowing
down the first crystallization stage (nucleation), but this
effect is not observed during the crystal growth process. The ∆Hc value of 70/30 sample is still sufficiently
high considering the composition, indicating that the
presence of 30 mol% of RA units has only a small effect
on the final extent of crystallinity. An important decrement in ∆Hc is evident for P(EV-co-RA)-50/50 sample.
Preliminary microscopy observations were performed to study the morphology of the semicrystalline
copolymers during their crystallization from the melt.
The P(EV-co-RA)-50/50 sample was melted and then
cooled at 10 °C/min, i.e., at a lower rate with respect
to the DSC measurements, in order to better observe
the crystallization process. The morphological observations highlighted the ability of the copolymers to
form a spherulitic texture, as shown in Figure 6, which
displays two images of spherulites growing at two different temperatures, approximately corresponding to
the beginning (a) and the end (b) of the crystallization
process, during the cooling scan from the melt. Due
J. Renew. Mater., Vol. 6, No. 1, January 2018
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Figure 6 Optical microscopy observations on P(EV-co-RA)-50/50 sample at T=100 °C (a) and T=75 °C (b) during cooling from
the melt.
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P(EV-co-RA)-70/30

P(EV-co-RA)-50/50
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Figure 7 X-ray diffraction patterns of PEV and some P(EVco-RA) copolymers.

to the non-isothermal crystallization, spherulites are
characterized by different sizes and complex shapes
with irregular edges. It is, however, noteworthy that
PEV maintained its ability to crystallize despite the
presence of short sequences of EV blocks (Table 2). An
average length of EV blocks of about three sequences is
sufficient to form a crystalline phase, according to the
results obtained for the P(EV-co-CL) copolymers. [25]
The X-ray diffraction patterns reported in Figure 7
confirmed the presence of the crystalline structure
typical of PEV in the P(EV-co-RA)-70/30 sample. The
spectrum of the 50/50 sample is characterized by weak
reflections, due to its low level of crystallinity (Table 3).
The high capacity of PEV to crystallize in the
copolymers confirms the results reported for the
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homogeneous. Similar results were obtained for the
analogous P(EV-co-CL) system [25]. The trend of Tg as
a function of the copolymers composition, in terms of
EV content, is shown in Figure 8, emphasizing that the
experimental data fit the Fox equation [38].
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Figure 8 Dependence of Tg of the amorphous samples on
composition. The dotted line is calculated using the Fox
equation [38].

P(EV-co-CL) system, where a weak crystallization process during the second heating scan was also observed
for the 20/80 sample [25]. The mobility of EV blocks
due to the presence of ether units favors the crystallization process. Moreover, the flexibility of RA units
imparts a low viscosity to the system, favoring an
ordered arrangement of EV sequences from the melt.
A different behavior has been observed in other copolymers, for example, in the PET-co-PC system. In this
case, the lower mobility of PET chain with respect to
that of PEV and the high viscosity of the melt, due to
the presence of PC units, prevents the crystallization
of PET segments [37].
The crystalline phase, formed during the cooling
scan, melts at different Tm in the following heating process, as shown in Figure 5. PEV exhibits a high Tm (264
°C) with a melting peak typical of aromatic polyesters.
P(EV-co-RA)-70/30 maintains a very high melting
temperature, corresponding to a good level of crystal
perfection detected by WAXD analysis. A very broad
melting process is observed for P(EV-co-RA)-50/50,
despite the narrow shape of the crystallization peak
during the cooling scan. This behavior is not typical of
semicrystalline polymers and suggests that different
phenomena and processes are present during the second heating scan. For this reason, for this sample the
determination of Tm and ∆Hm data was difficult and
requires more in-depth study.
Regarding the amorphous phase, after quenching from the melt only one Tg is observed for all the
samples. This means that the amorphous phase is
134  J. Renew. Mater., Vol. 6, No. 1, January 2018

CONCLUSIONS

This study deals with the synthesis of new copolyesters based on two biobased building blocks, viz.
P(EV-coRA) random copolymers prepared by a threecomponent bulk polymerization. The chemical structures of the two monomers is substantially different,
the EV units being aromatic and stiff, whereas the RA
units bear a flexible long aliphatic chain with a lateral
-CH2- sequence. Despite these differences, the copolymer amorphous phase is homogeneous. Moreover,
EV sequences maintain their ability to crystallize even
in the presence of a high percentage of RA co-units,
whereas RA blocks are always in the amorphous state.
Hence, the final properties of these new materials can
be easily tuned by modifying the ratio between the
two components. Other properties have to be investigated, including their possible antibacterial ability due
to the presence of the RA aliphatic side chains. Then,
new areas of possible applications for these novel
materials could be developed, such as active packaging or biomedical applications.
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