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Abstract: Lactide-valerolactone copolymers have potential application in the packaging sector. Dif-
ferent copolymers were synthesized, and the kinetics of the copolymerization reactions and the
microstructure of the copolymers were analysed. Lactide showed higher reactivity than valerolactone
which leads to composition drift through the reaction. Thermal, mechanical and barrier properties of
the selected copolymers were studied. Overall, the incorporation of valerolactone results in copoly-
mers with higher ductility than poly(lactide) with intermediate water and oxygen permeability which
makes these materials appropriate candidates for use in the packaging sector.

Keywords: polylactide; biodegradable; permeability; packaging

1. Introduction

Nowadays the materials used on the market, such as polyolefins ((poly(ethylene)
and poly(propylene)) and poly(ethylene terephthalate), are contributing to the problem of
plastic waste since they are obtained from petroleum, and they cannot be degraded [1–5].

Bearing in mind these issues, in recent years, biodegradable polymers have attracted
great attention since they can be degraded to biomass, carbon dioxide, water and similar
substances, and no waste is generated [1–4]. Therefore, they are the ideal candidates to
replace conventional polymers for example in packaging applications, bags or mulch films,
among others.

Among biodegradable polymers, one of the most important is poly(lactide) (PLA). PLA
has been widely studied in the literature since it is biocompatible and can be employed
in scaffolds, stents, catheters and controlled-release drug carriers, among others [6–9].
However, PLA shows a brittle behaviour which prevents it from being used in a wide range
of applications. In order to improve its ductility, different approaches have been analysed,
one of them being to copolymerize it with another comonomer which leads to a material
with a high elongation at break [7,8,10,11].

Lactide based copolymers based on caprolactone, valerolactone, decalactone, ethylene
brassylate and other lactones have been synthetized, and their degradation has been widely
studied [12–17]. These materials could have also a potential application in packaging,
and for that, the barrier character of the materials must be studied. However, the works
addressing this issue are scarce, and only one reference [11] has considered this point.

In a previous work, we studied the suitability of lactide-caprolactone copolymers for
packaging applications [11]. In this work, we have selected valerolactone that can lead
to polymers with lower glass transition temperature than PLA but higher than lactide-
caprolactone copolymer, better stress related properties (such as higher Young modulus
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and yield strength) and a lower degradation rate compared to lactide-caprolactone copoly-
mers [10] which could be interesting for packaging applications. Furthermore, in the
literature, the enzymatic and hydrolytic degradation of lactide-valerolactone copolymers
has been studied. Both the enzymatic degradation employing a lipase from Rhizopus ar-
rhizus and the hydrolytic degradation show that copolymers can be hydrolysed [12]. Thus,
this copolymer system could be a good candidate for packaging applications.

In this work, first, the kinetics of the reaction and the microstructure of the copolymers
were studied. Second, for selected copolymers, the physico-chemical properties were
studied, focusing on permeability to gases and vapours and the mechanical properties in
order to analyse the suitability of these materials in packaging applications.

2. Materials and Methods
2.1. Materials and the Synthesis Procedure of Copolymers
2.1.1. Materials

L-lactide (Futerro, Hainaut, Belgium) was recrystallized from dried toluene. δ-valerolactone
(Sigma Aldrich, Burlington, MA, USA) was distilled prior to use. As a catalyst, triphenyl
bismuth was employed, which was provided by Gelest Inc. (Morrisville, PA, USA) and
was used as received. The purification of monomers and the synthesis of the copolymer
were carried out in a high vacuum line or in a glovebox filled with inert gas.

2.1.2. Synthesis Procedure of the Copolymers

The copolymerization reactions for the kinetic analysis were performed at 140 ◦C and
100:1 monomer:catalyst ratio. The reactions were performed in 0.5 g scale in small glass
vials. After a certain time, aliquots were taken and analysed by 1H NMR.

The copolymerization reactions in large scale (10 g) were carried out at 140 ◦C for 24 h
and at 100:1 monomer:catalyst ratio. The obtained polymers were dissolved in chloroform
and precipitated in cold methanol to purify them. Afterwards, the materials were dried at
70 ◦C for 48 h.

2.1.3. Film Preparation

The films were prepared using a hot-press at 190 ◦C. Films with thickness in the range
100–150 µm were obtained. The obtained membranes were dried for 2 days under vacuum
at 70 ◦C. Subsequently, the membranes were dried for at least 4 days at room temperature
under vacuum.

2.2. Techniques and Instruments
2.2.1. NMR Measurements

The spectra were recorded on a Bruker Avance DPX 300 spectrometer (Billerica, MA,
USA) at 300.16 MHz for proton spectra and at 75.5 MHz for carbon spectra. Tubes with an
internal diameter of 5 mm were employed, and the measurements were performed at 30 ◦C.
For proton NMR, 10 mg of sample were dissolved in 0.4 mL deuterated chloroform, and
32 scans were performed. In the case of carbon spectra, 40 mg of sample were dissolved in
0.4 mL of deuterated chloroform, and more than 5000 scans were performed.

2.2.2. Molar Mass Characterization

Size exclusion chromatography was employed to determine the molar mass of samples
using a Waters 1515 GPC device (Milford, MA, USA) with two Styragel columns (102–
104 Å). The flow of chloroform was 1 mL min−1, and the molar masses were referred to
poly(styrene) standards.

2.2.3. Thermal Analysis

Thermal properties were characterized employing a differential scanning calorymeter
Q2000 V24 (TA Instrument, New Castle, DE, USA). Moreover, 3–5 mg of the samples were
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encapsulated in aluminium pans, and two scans were performed from −80 ◦C to 200 ◦C at
10 ◦C min−1 heating and cooling rate.

In order to determine the crystallinity degree of the copolymers, the following equation
was employed:

Xc =
∆Hm

∆H0
m
× 100 (1)

where ∆Hm is the experimental value of the melting enthalpy obtained from the DSC
experiments, and ∆H0

m is the theoretical value of the melting enthalpy of 100% crystalline
PLLA with a value of 106 J g−1 [18].

2.2.4. Thermogravimetric Analysis

TGA Q 500 equipment (TA Instrument, New Castle, DE, USA) was employed to
perform the thermal gravimetric analysis. In addition, 3 mg samples were heated from
25 ◦C to 800 ◦C at a heating rate of 10 ◦C min−1 under nitrogen flow, 100 mL min−1.

2.2.5. Characterization of Mechanical Properties

The mechanical properties were measured in an Instron 5565 testing machine (Nor-
wood, MA, USA) at a crosshead displacement rate of 5–100 mm/min, depending on the
sample, and 22 ◦C. The films had a thickness between 100 and 150 µm, and the speci-
mens were cut according to ASTM D638 type V. At least 5 specimens were tested for each
reported value.

2.2.6. Characterization of Transport Properties

The water vapour transmission rate was measured following the ASTM E96-95 gravi-
metric method. The cell employed to measure the permeability is a small container made of
polytetrafluoroethylene, which is partially filled with water and a polymeric membrane at
the top. The measurements were carried out at 25 ◦C in a balance (Sartorius BP 210 D, Goet-
tingen, Germany) with 10−5 g readability, and the mass loss was recorded in a computer.
The values shown herein are the average of at least 5 measurements.

The oxygen permeability coefficient was measured with a Mocon OX-TRAN 2/21 MH
model equipment (Mocon Inc., Brooklyn Park, MN, USA) at 1 atm, 30 ◦C and 0% relative
humidity. Further details about the equipment and measurement methods can be found
elsewhere [18–22].

3. Results
3.1. Characterization of the Chain Microstructure of LA-VL Copolymers

In this section, the chain microstructure of the copolymers and the evolution of this
microstructure during the polymerization reaction are addressed. For that, the 1H NMR of
one of the copolymers is discussed first, as an example, to show the signals employed to
calculate the monomer conversion and to characterize the microstructure of the copolymers.
In Figure 1, the 1H NMR corresponding to 50 LA 50 VL copolymer after 180 min reaction
time is shown. The following signals have been considered: the signals at 5.17 ppm and
5.04 ppm correspond to the methine of the lactide copolymer and the monomer, respectively.
The signals at 4.36 ppm, 4.17 ppm and 4.10 ppm correspond to the methylene next to OCO
of valerolactone monomer, VL-LA dyad and VL-VL dyad, respectively. The signal at
2.58 ppm corresponds to the methylene next to COO, the signal at 2.45 ppm to the VL-
LA dyad and the one at 2.36 ppm to the VL-VL dyad. In the range of 1.0–2.0 ppm, the
signals corresponding to the rest of the methylenes of valerolactone and the methyl of
lactide appear.
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Figure 1. 1H NMR spectra of 50 LA 50 VL copolymer after 180 min reaction.

The conversion of lactide and valerolactone monomers at different monomer com-
position feeds has been followed by 1H NMR spectroscopy, and the data are shown in
Figure 2a,b. The obtained results show that the polymerization of lactide is very fast (see
Figure 2a), especially in the case of the reactions where the monomer feeds are rich in
lactide. The copolymer containing the smallest amount of lactide, 10 LA 90 VL, shows a
slower polymerization rate. In all the reactions, full conversion of lactide is achieved in less
than 50 min.

Regarding valerolactone (Figure 2b), after 300 min of reaction, the monomer does
not reach full conversion due to its lower reactivity ratio and because of the low (homo)
propagation rate constant. The conversion values obtained are higher than 70%. As in
the case of lactide, the polymerization rate depends on the monomer feed ratio. Thus, for
monomer feeds rich on lactide, the polymerization of valerolactone is faster than for those
that are rich in valerolactone.
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In order to gain further insight on the chain microstructure evolution during the
reaction, the number-average sequence length of lactide (lLA) and valerolactone (lVL) as
well as the randomness character (η) were calculated. For that purpose, Equations (2)–(4)
have been employed [23].

lLA =
2(LA)

(LA − VL)
(2)

lVL =
2(VL)

(LA − VL)
(3)

η =
(LA − VL)
2(LA)(VL)

(4)

where (LA) is the lactide molar fraction; (VL) is the valerolactone molar fraction and
(LA − VL) is the LA − VL average dyad relative molar fraction. More details about
calculations can be found elsewhere [11].

The lactide sequence length varies with the monomer feeding and reaction time. In
Figure 3a, it can be seen that the largest lactide sequence length is obtained for the reactions
with monomer feedings rich in lactide, and as the content of valerolactone increases, the
sequence length is reduced. The values are in the range of 40.8–0.6. During the reaction,
the lactide sequence length is decreased; this arises probably from the higher affinity of
lactide with lactide than valerolactone. When lactide monomer is consumed valerolactone
is incorporated to the chains.

In the case of valerolactone, the number-average sequence lengths are shorter than
the length of lactide with values in the range of 1–5. As the content on valerolactone in the
feeding raises, the sequence length of valerolactone increases, as expected.

It has to be taken into account that the calculated length of the sequence is a cumulative
average value. In the first 50 min, practically all the lactide is incorporated while only
73.5–31.7% VL has reacted. After 50 min, as practically 100% of lactide is consumed, valero-
lactone would be consumed alone. Thus, two options are possible for its consumption:
(1) valerolactone units are incorporated in copolymer chains generating gradient type
copolymers, or (2) valerolactone units are incorporated in new chains obtaining VL ho-
mopolymer. Furthermore, it has to be considered that after 50 min, all the lactide is
consumed, so the observed reduction of the lLA sequence length could come only from
transesterification reactions (option 1). Anyway, the possible formation of the VL ho-
mopolymer will be discussed later.
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Figure 3. The number-average sequence lengths of (a) lactide and (b) valerolactone.

In Figure 4, the randomness character of the copolymers is shown, which allows to
analyse the microstructure of the copolymers in further detail. At the beginning of the
reaction, the randomness character is about 1 for all the copolymers, showing a random
character. During the reaction, the randomness character oscillates between 0.8–1.25. More-
over, 10 LA 90 VL shows a different behaviour with values around 1.25 at the beginning of
the reaction and by achieving a value of 2 at the end of the reaction.
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The randomness character does not show the real nature of the copolymers. Taking
into account the monomer conversion data and the sequence length of the monomers over
time, it can be forecasted that big lactide blocks are formed at the beginning, and afterwards,
valerolactone is introduced in the existing polymer chains or in new polymer chains; thus,
copolymers with gradient like structure or valerolactone homopolymers are obtained. In
any case, further studies are being carried out in order to clarify this.

As mentioned above, the 10 LA 90 VL copolymer shows a different behaviour with a
value of 1.4 at the beginning that increases gradually, reaching values near 2 by the end of
the reaction, which is indicative of alternant character. In this case, since the lactide has
already polymerized when valerolactone starts to react, the change of the randomness char-
acter of the copolymer with the reaction time could arise from transesterification reactions
that have been corroborated by 13C NMR; see Figure S1 in Supplementary Information. In
fact, a peak appears at 170.6 ppm for copolymers with 19% valerolactone content or higher
corresponding to VL-LA-VL sequence. A similar peak appears in lactide-caprolactone
copolymers at 171 ppm corresponding to 171 ppm. For the other copolymers, also trans-
esterification could be expected, but taking into account that they are rich on lactide and
that transesterification would occur between lactide–lactide units, it cannot be accurately
quantified by NMR. In the case of 30 LA 70 VL, also a slight tendency to form alternant like
copolymers is observed.

To further study the copolymerization reactions, the reactivity ratios of lactide and
valerolactone were calculated employing a nonlinear parameter estimation algorithm [24];
see Table 1. The algorithm determines the reactivity ratios by minimizing the prediction
of a model based on the Mayo–Lewis equation and the experimental data gathered by
NMR for the cumulative copolymer composition. For more details about the estimation
algorithm, see Note S1 in Supplementary Information. It can be seen that lactide presents
a higher reactivity ratio than valerolactone, being 47 times higher, which could be also
deduced from the faster monomer conversion of lactide than valerolactone observed
in Figure 2.
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Table 1. Reactivity ratios of lactide and valerolactone.

rLA rVL

3.31 ± 0.36 0.07 ± 0.02

In Figure 5, the comparison between the cumulative copolymer composition of lactide
determined experimentally by NMR analysis (dots) and the calculated cumulative compo-
sition (lines) using the estimated reactivity ratios is shown. The fitting of the cumulative
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composition for the experiments carried out at different monomer feeds is reasonable in all
the reactions.
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Figure 5. Conversion evolution of the cumulative composition of LA. Experimental results (dots) and
model predictions (lines) for the estimated reactivity ratios.

3.2. Physico-Chemical Characterization of Selected Copolymers for Packaging Applications

In order to analyse the suitability of lactide-valerolactone copolymers in packaging
applications, copolymers rich in lactide were selected, since lowering the glass transition
temperature could lead to a higher ductility while maintaining the stress related properties
(Young modulus and yield stress). Thus, copolymers were prepared in a large scale, and
their physico-chemical properties have been studied.

The randomness character and the number-average sequence length of lactide and
valerolactone were calculated from 1H NMR spectra; see Table S1 in Supporting Information.
All the copolymers show a randomness character near 1, and therefore, random copolymers
are obtained which was the goal of this work.

3.2.1. Molar Mass Characterization

The molar mass was determined by Size Exclusion Chromatography, and the values
were calculated by GPC relative to poly(styrene) standards; the data are shown in Table 2.
PLLA shows a molar mass of 256.3 kg/mol and a dispersity index of 2.4. In the case of
copolymers, the incorporation of VL decreases the molecular weight, likely due to the lower
overall polymerization rate caused by the lower rate of propagation of valerolactone. The
broad dispersity index obtained in all the cases can be attributed to the transesterification
reactions, which have been detected in our copolymers from NMR spectra.

Table 2. Weight-average molar mass and dispersity index of the homopolymer and copolymers.

VL% Mw (kg/mol) D

0 256.3 2.4
8 86.0 2.8
19 139.3 2.5
33 84.3 2.7
37 59.9 2.6
41 62.8 2.3

3.2.2. Thermal Properties Characterization

The thermal properties play an important role on the transport properties; therefore,
they were analysed by DSC; see Table 3. The glass transition temperature was charac-
terized in the second DSC heating scan. PLLA shows a glass transition temperature of
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55 ◦C. In the case of copolymers, as the content on valerolactone increases, the glass tran-
sition temperature is decreased gradually. It is worth noting that the copolymers with
valerolactone content higher than 33% show an elastomeric behaviour. This is important
since the transport properties and, particularly, sorption process is different in glassy and
elastomeric polymers.

Table 3. Thermal properties of PLLA and lactide-valerolactone copolymers.

Sample Tg (◦C) 2nd scan Tm (◦C) ∆Hm (J/g) Xc (%) Xc LA (%)

PLLA 55 177.0 36 34 34
8 VL 48 156.2 36 34 37
19 VL 37 78.1, 106.0 19 18 22
33 VL 23 95.3 1 1 1
37 VL 18 87.6 2 2 3
41 VL 13 - - - -

The glass transition temperature was theoretically calculated employing the additive rule:

Tg = Tg1w1 + Tg2w2 (5)

where Tg is the theoretical glass transition temperature, Tg1 and Tg2 are the glass transition
temperatures of PLLA and PVL, and w1 and w2 are the weight fractions of each polymer.
In the case of PVL, Tg = −67 ◦C [25].

Another model employed to calculate theoretically the glass transition temperature is
the Fox model [26,27]:

1
Tg

=
w1

Tg1
+

w2

Tg2
(6)

The experimental glass transition temperatures and those calculated theoretically
are depicted in Figure 6. The experimental results are slightly higher than the values
obtained with the additive rule. On the other hand, the Fox model underestimates the
glass transition temperature values obtained. This could arise from the fact that the Fox
model describes properly the glass transition temperature of ideal Bernouillian random
copolymers, and our copolymers deviate from this model due to both gradient character
and the transesterification reactions.
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The melting temperature and the crystallinity level of the samples were obtained from
the first DSC heating scan. PLLA shows a melting temperature of 177.0 ◦C, and for the
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copolymers, as the content on valerolactone rises, the melting temperature is decreased.
In the case of the copolymer containing 41% VL, the sample is amorphous. The obtained
results are expected since the incorporation of a second monomer reduces the crystallisable
chain length segment of lactide leading to the reduction of the melting temperature.

Employing the following equation, the melting temperatures of the copolymers have
been theoretically calculated:

∆H0
m

(
1

Tm
− 1

T0
m

)
= −R· ln X (7)

where ∆H0
m is the theoretical value of the melting enthalpy of 100% homocrystalline PLLA

that has a value of 106 J/g, Tm is the melting temperature of the copolymer, T0
m is the

melting temperature of PLLA (T0
m = 450 K), and X is the molar fraction of lactide [28].

In Figure 7, the experimental melting temperature and the theoretical melting tempera-
ture obtained with Equation (5) are shown. The theoretical model overestimates the melting
temperature of the copolymers except in the case of the 92 LA 8 VL copolymer, where the
theoretical melting temperature is closer to the experimental value. The difference between
the theoretical model and the experimental results could arise from the gradient-type nature
of the copolymer or the transesterification reactions.
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Figure 7. Experimental and theoretical melting temperature of LA-VL copolymers.

Taking into account that the crystallites are considered impermeable to gases and
vapours, the characterization of the crystallinity level is of paramount importance. PLLA
shows a crystallinity level of 34%, and in the case of copolymers, as the content on valero-
lactone rises, the crystallinity level decreases gradually. For the copolymers containing
more than 33% of valerolactone, the crystallinity level is very small, almost negligible.

Returning to the question of VL incorporation mode, if VL homopolymer is obtained,
it will be reasonable to observe the corresponding Tg of pure VL and even the formation of
VL crystalline phase, but none of these facts are observed. It could also be possible that
the small amount of VL homopolymer cannot be noticed in the DSC scan. Moreover, as
mentioned above, the Tg of the copolymer decreases gradually with the content of VL.
Thus, it can be concluded that the initial structure of the LA-VL copolymer would be
gradient type one, but transesterification reactions modify largely such structure leading to
a copolymer with a random nature.

The thermal stability of the copolymers was studied by a thermogravimeter analyser
in order to investigate if these materials could be processed by film blown extrusion.

The obtained data are shown in Table S2 in Supplementary Information. PLLA shows a
T5% of 211 ◦C (temperature at which 5% of weight is loss), and in the case of the copolymers,
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slightly higher values are obtained in the range of 214–224 ◦C, so they show a thermal
stability higher than PLLA. Therefore, selecting the appropriate processing temperature,
these copolymers could be processed by film blown extrusion.

3.2.3. Mechanical Properties

In order to assess the suitability of these materials for packaging applications, it is
necessary to characterize the mechanical properties, and for that purpose, tensile tests
were performed. In Figure 8, the stress–strain curves of PLLA and lactide-valerolactone
copolymers are depicted.
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Figure 8. Stress–strain curves of lactide-valerolactone copolymers. The graph was cut along the x
axis to better observe the initial part of the curves.

The behaviour of PLLA corresponds to a stiff and brittle polymer, showing high
modulus (3390 MPa) and low ductility (3.8%). In the case of the copolymers, as the content
on valerolactone increases, the materials show an elastomeric behaviour resembling a
soft material.

Figure 9a shows the Young modulus and Figure 9b the elongation at break of lactide-
valerolactone copolymers. The data can be found in Table S3 in Supplementary Information.
As it can be seen in Figure 9a, the incorporation of valerolactone decreases the Young mod-
ulus considerably, probably due to the lower glass transition temperature and crystallinity
level or the lack of it.
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Figure 9. Young modulus (a) and elongation at break (b) of lactide-valerolactone copolymers.

Regarding the tensile strength, the incorporation of valerolactone decreases the ulti-
mate strength gradually (see Table S3 in Supporting Information), as it could be expected
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since the glass transition temperature and the crystallinity level are decreased. In the case
of the copolymer containing 8% VL, the values of the three magnitudes are considerably
lower than expected. As mentioned above, a similar behaviour has been obtained for the
molecular weight. This larger decrease of the molecular weight would lead to an anomalous
stiffness and a brittle behaviour.

The elongation at break (see Figure 9b and Table S3 in Supplementary Information)
increases gradually with the valerolactone content. In the case of the copolymer containing
33% VL, a significant increase is found with a value of 85%. The 41 VL 59 LA copolymer
shows a high elongation at break, 1800%, showing elastomeric behaviour.

3.2.4. Barrier Properties

The barrier properties of the copolymers have been studied in order to analyse the
suitability of these materials in the packaging applications.

Water vapour transmission rate was characterized since water can cause chemical and
physical changes on the packaged product, and it can promote the growth of microorgan-
isms that deteriorate food [4,29].

Figure 10 shows the water vapour transmission rate of lactide-valerolactone copoly-
mers (the data are shown in Table S4 in Supplementary Information). PLLA shows a value
of 4.9 g mm m−2 day−1, which is similar to the data reported in the literature [20]. In the
case of copolymers, the incorporation of valerolactone gradually increases the water vapour
transmission rate. The copolymers with the lowest and highest valerolactone content show
the following water vapour transmission rates: 6.8 g mm m−2 day−1 for the copolymer
with 8% VL and 11.5 g mm m−2 day−1 for the copolymer containing 41% VL. The increase
of WVTR with the increment of valerolactone in the copolymer could arise from the lower
glass transition temperature together with the lower crystallinity level or the lack of it.

A clear trend is observed in the water vapour transmission rate with the incorporation
of valerolactone except for 8% VL. The results obtained for 8 VL 92 LA cannot be explained
by the glass transition temperature or by the crystallinity level. Therefore, it is possible that
the free volume fraction and the interactions between water and the copolymers lead to
this result [30].

These results show a different trend compared to lactide-caprolactone copolymers,
where the transmission rate of the copolymers was lower than neat polylactide. This will
be discussed below.
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Figure 10. Water vapour transmission rate of lactide-valerolactone copolymers.

It is also interesting to measure oxygen permeability since oxygen can provoke ox-
idative reactions causing rancid flavours and colour and nutritive changes. Oxygen also
enables the growth of aerobic microorganisms [29].

Figure 11 shows the oxygen permeability of lactide-valerolactone copolymers (the
data are shown in Table S4 in Supplementary Information). PLLA shows a value of
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0.25 Barrer, which is similar to those reported in literature; 8 VL 92 LA copolymer shows a
slightly higher permeability, 0.26 Barrer, which is the expected result taking into account
its lower glass transition temperature. The copolymers containing 19–33% valerolactone
show a lower oxygen permeability than PLLA which is an unexpected result taking into
account that the glass transition temperature is lower than PLLA, and the crystallinity
level is also reduced. Furthermore, the results obtained are different from those obtained
for the lactide-caprolactone system, where an increase of the permeability is found with
the incorporation of caprolactone. Furthermore, lactide-valerolactone copolymers show
lower permeability values. These results could arise from the delicate balance between
interactions, free volume and size of penetrants, among others.
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Figure 11. Oxygen permeability of lactide-valerolactone copolymers.

4. Conclusions

Lactide-valerolactone copolymers were synthetized for packaging applications. First,
the polymerization kinetics and microstructure of the copolymers were studied, and then,
for selected copolymers, the thermal, mechanical and barrier properties were studied.

The polymerization kinetics shows that lactide polymerizes faster than lactide, obtain-
ing gradient like copolymers which afterwards are largely modified by transesterification
reactions. Therefore, copolymers with a randomness character are obtained.

Regarding the physico-chemical characterization, the incorporation of valerolactone
decreases the glass transition temperature which indicates that materials with a higher
ductility are obtained, as corroborated by stress–strain measurements. The water vapour
transmission rate increases with the incorporation of valerolactone, whereas the oxygen
permeability is decreased slightly for copolymers containing small valerolactone amounts.
Thus, depending on the final application, tailored copolymers can be obtained that have
the appropriate mechanical and barrier properties.

Supplementary Materials: The following are available online at https://www.mdpi.com/artic
le/10.3390/polym14010052/s1. Figure S1: 13C NMR of lactide-valerolactone copolymers. Note
S1: Estimation of the monomer reactivity ratios. Table S1: Microstructure parameter of lactide-
valerolactone copolymers. Table S2: Thermal degradation of lactide-valerolactone copolymers. Table
S3: Mechanical properties of lactide-valerolactone copolymers. Table S4: Water vapour transmission
rate and oxygen permeability.
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