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ABSTRACT: 1,3-Dioxolan-4-one (DOX) chemistry was exploited
for the synthesis of poly(lactic acid) (PLA)-based copolymers. A
new DOX monomer, bearing the naturally occurring carvacrol
(CarvDOX) as a pendant, was synthesized and used as a model for
the optimization of DOX-L-lactide, solvent-free, copolymerization
reactions. A screening of conditions was carried out to find out the
best catalytic system for both comonomers at the same time, as
well as to maximize the growth of the molecular weight. The
optimized copolymerization conditions were then applied to a
second DOX derivative (CardDOX), bearing the naturally
occurring 3-pentacylphenol (cardanol), as an appendage. Various copolymers between L-lactide and different amounts of CarvDOX
or CardDOX were prepared and characterized through NMR and wide-angle X-ray scattering (WAXS), also assessing their thermal
properties via differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). To exploit the potential use of such
copolymers as functional additives in poly(lactic acid) (PLA), they were blended via solvent mixing with commercial PLA and the
melt viscosity properties of the resulting blends were investigated through frequency sweep experiments.

■ INTRODUCTION

The growing interest around poly(lactic acid) (PLA) relies on
a combination of different factors. Indeed, given an increasing
worldwide plastic-related pollution problem, researchers put
their efforts seeking valid alternatives to replace oil-derived
polymers.1 Within this field, PLA has emerged as an intriguing
candidate, thanks to the striking combination of environ-
mentally friendly nature and desirable features, such as good
processability and optical properties, that make it suitable for
several industrial applications.2 Lactic acid can be extracted
100% from renewable sources,3 and PLA can degrade to
unharmful products, therefore offering applications in bio-
medical and food packaging fields.4,5 However, its intrinsic
scarce versatility has always limited its industrial appeal and
competitiveness against oil-derived counterparts. Among all
possible strategic approaches aimed at overcoming this
drawback, the chemical modification of the PLA backbone
has been less investigated with respect to the preparation of
nanocomposites6,7 or blends.8,9 In principle, the introduction
of selected substituents along the polymeric chain would end
up in the possible tuning of the material’s final properties,
expanding its scope. However, the chemical nature of PLA and,
in general, of poly(α-hydroxy acids) (PAHAs), has always been
a strong hurdle for targeted chemical modification.10,11 In this
regard, along with the functionalization reactions performed on
the polymer, which are usually limited and relatively

inefficient,12−14 the synthesis of modified monomers has
been investigated as a possible strategy.15−17

Within this context, the modification of lactic acid could be
relatively easy and versatile. Nevertheless, the polycondensa-
tion of free lactic acid yields low molecular weight products18

due to the difficulties in efficiently removing the water formed
during polymerization. For this reason, if high molecular
weight polymers are required, it is necessary to use other kinds
of polymerization pathways. From an industrial standpoint, the
synthesis of PLA relies on the ring-opening polymerization
(ROP) of lactide, the cyclic dimer of lactic acid. However,
while the ROP of lactide allows high conversion and good
control over the polymerization, the synthesis of functionalized
lactides is very challenging and strongly sensitive to the steric
hindrance of the substituents.19−21

To overcome such limitations, recently Bourissou et al.
developed O-carboxyanhydrides (OCAs)22 as an alternative
monomeric system, offering wide functionalization possibil-
ities.23−25 OCAs polymerize under mild conditions, given the
strong driving force ensured by the release of CO2 during
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polymerization.26 However, the high reactivity of OCAs also
entails an inherent instability, making these monomers difficult
to handle and store. Furthermore, their synthesis relies on
hazardous chemicals.
Aiming at classes of monomers that could be able to allow

structural modification and good reactivity, while overcoming
OCA drawbacks, 1,3-dioxolan-4-ones (DOXs) have appeared
as promising candidates. DOX synthesis is straightforward
from the parent α-hydroxy acid, and their high reactivity in
ROP is ensured by the release of a small molecule (either
aldehyde or ketone) during the ring-opening step, in a similar
way as previously described for OCAs.27 However, albeit being
easily accessible molecules, the use of DOXs as monomers for
the synthesis of PLA-based materials has been scarcely
investigated.28,29

We recently studied the reactivity of a eugenol-function-
alized DOX monomer, yielding a high-performance, degrad-
able thermoset.30 Aiming at a further expansion of DOX scope,
we herein report the metal-catalyzed, solvent-free copolymer-
ization between the commercially available L-lactide and two
DOX monomers, aimed at achieving the efficient incorporation
of phenol-containing units into a high molecular weight
polyester chain. Screening of various metal catalytic systems
was carried out using a carvacrol-functionalized DOX as a
model monomer (CarvDOX). Carvacrol was chosen because it
is an antimicrobial monoterpenoid phenol, naturally occurring
in various essential oils, which has been already used in
blending with PLA, showing effects on the thermal and
mechanical properties of the resulting material.31−35 The
optimized copolymerization protocol was then applied to a
second DOX monomer (CardDOX), carrying a cardanol-
derived appendage. Cardanol is a phenolic lipid obtained from
anacardic acid, the main component of cashew oil. Thanks to
its long aliphatic side chain, cardanol has been exploited as a
plasticizer within many different polymeric matrices.36−40

Using CarvDOX and CardDOX in different quantities, several
modified PLAs have been prepared, fully characterized, and
studied regarding their thermal properties, through both
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). All copolymers were blended with
commercial-grade PLA, and the rheological properties of the
final materials were evaluated in view of the possible
application of copolymers as PLA additives.

■ EXPERIMENTAL SECTION
Materials and Methods. All reagents were purchased from

Sigma-Aldrich and used as received. (±)-3-Chloro-1,2-propanediol,
98%; HNO3, ≥65%; carvacrol, ≥98%; HCl, ≥37%; ethyl acetate
(AcOEt), H2SO4, 95−97%; 3-pentadecylphenol (cardanol), 90%;
tin(II) 2-ethylhexanoate, 92.5−100%; zinc perchlorate hexahydrate-
(Zn(ClO4)2); zinc trifluoromethanesulfonate (Zn(OTf)2), 98%;
tin(II) chloride, 98%; magnesium perchlorate hexahydrate, 99%;
methanol (MeOH); dichloromethane (DCM); dimethyl sulfoxide-d6

(DMSO-d6), minimum deuteration degree 99.8%; and chloroform-d
(CDCl3), minimum deuteration degree 99.8%. L-Lactide Purasorb L
was purchased from Corbion and used as received. Natureworks PLA
Ingeo 3251D was purchased from Resinex Italy Srl.
Synthesis of 3-Chloro-2-hydroxypropanoic Acid (1). Compound

(1) was synthesized according to the literature procedure.41

Synthesis of 2-Hydroxy-3-(5-isopropyl-2-methylphenoxy)-
propanoic Acid (2). Carvacrol (7.2 g, 48.2 mmol) and NaOH (3.3
g, 82.5 mmol) were added to a dispersion of 1 (2.0 g, 16.1 mmol) in
20 mL of H2O. The reaction mixture was heated to reflux and left
under stirring for 4 h. The solution was then acidified to pH 1 with
concentrated HCl and extracted with AcOEt (4 × 10 mL). The

organic phases were collected and extracted with a saturated aqueous
NaHCO3 solution (4 × 10 mL). The aqueous phases were then
collected, acidified with concentrated H2SO4 to reach pH 1, and
finally extracted with AcOEt (4 × 10 mL). The organic phases were
collected and dried over Na2SO4, and the solvent was evaporated
under reduced pressure to obtain 2 as an orange solid (1.6 g, 41%
yield). 1H NMR (400 MHz, DMSO-d6) δ 7.02 (d, J = 7.6 Hz, 1H),
6.79 (d, J = 1.2 Hz, 1H), 6.71 (dd, J = 7.6, 1.2 Hz, 1H), 4.36 (dd, J =
5.0, 3.6 Hz, 1H), 4.15 (ddd, J = 3.6, 5.0, 10.0 Hz, 2H), 2.83 (ept, J =
6.8 Hz, 1H), 2.09 (s, 3H), 1.18 (d, J = 6.8, 6H). 13C NMR (101 MHz,
DMSO-d6) δ 173.9, 156.9, 147.9, 130.6, 123.8, 118.6, 110.5, 70.8,
70.0, 33.8, 24.4 (2C), 15.8.

Synthesis of 5-((5-Isopropyl-2-methylphenoxy)methyl)-2,2-di-
methyl-1,3-dioxolan-4-one (CarvDOX). Compound 2 (2.6 g, 10.9
mmol) was dissolved in acetone (100 mL). The solution was cooled
to −10 °C and then concentrated H2SO4 was added dropwise (4.0
mL). The reaction mixture was left under stirring for 4 h. Saturated
aqueous NaHCO3 was then added until pH 8 was reached. The solid
was filtered off, and the solution was extracted with AcOEt (4 × 10
mL). The organic phases were collected and dried over Na2SO4, and
the solvent was removed under reduced pressure to obtain 3 as an
orange solid (2.1 g, 70% yield). 1H NMR (400 MHz, CDCl3) δ 7.08
(d, J = 7.6 Hz, 1H), 6.80 (dd, J = 7.6, 1.6 Hz, 1H), 6.74 (d, J = 1.6 Hz,
1H), 4.78 (dd, J = 3.6, 2.4 Hz, 1H), 4.34 (ddd, J = 2.4, 3.6, 10.8 Hz,
2H), 2.89 (ept, J = 6.8 Hz, 1H), 2.22 (s, 3H), 1.73 (s, 3H), 1.65 (s,
3H), 1.27 (d, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 170.6,
156.3, 148.0, 130.7, 124.5, 119.2, 111.5, 110.2, 74.4, 67.0, 34.1, 27.0,
26.7, 24.1 (2C), 15.8.

Synthesis of 2-Hydroxy-3-(3-pentadecylphenoxy)propanoic Acid
(4). 3-Pentadecylphenol (3.0 g, 10.0 mmol) and NaOH (1.1 g, 27.3
mmol) were dissolved in H2O/MeOH 1:2 (4.5 mL). A solution of 1
(1.1 g, 8.8 mmol) in MeOH (1.5 mL) was added dropwise at room
temperature. The reaction mixture was heated to reflux and left under
stirring overnight. The reaction mixture was then cooled to room
temperature and diluted with H2O (30 mL). Unreacted 3-
pentadecylphenol was then extracted with Et2O (4 × 10 mL). After
this, the aqueous phase was acidified with concentrated H2SO4 to pH
1 and extracted with AcOEt (4 × 10 mL). The organic phases were
collected and dried over Na2SO4, and the solvent was evaporated
under reduced pressure to obtain 4 as an orange solid (1.5 g, 43%
yield). 1H NMR (400 MHz, DMSO-d6) δ 7.16 (t, J = 8.4 Hz, 1H),
6.76−6.72 (m, 3H), 4.34−4.32 (m, 1H), 4.13−4.11 (m, 2H), 2.52−
2.50 (m, 2H + OH), 1.54 (s, br, 2H), 1.25 (s, br, 24H), 0.86 (t, J =
6.5 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 174.4, 159.6, 145.1,
130.3, 121.9, 115.7, 112.8, 71,0, 70.4, 36.3, 32.4, 32.0, 30.2−29.8
(10C), 23.2, 15.1.

Synthesis of 2,2-Dimethyl-5-((3-pentadecylphenoxy)methyl)-1,3-
dioxolan-4-one (CardDOX). Compound 4 (3.0 g, 7.6 mmol) was
dissolved in acetone (100 mL). The solution was cooled to −10 °C
and then concentrated H2SO4 was added dropwise (2.0 mL). The
reaction mixture was left under stirring for 4 h. Saturated aqueous
NaHCO3 was then added until pH 8 was reached. The solid was
filtered off, and the solution was extracted with AcOEt (4 ×10 mL).
The organic phases were collected and dried over Na2SO4, and the
solvent was removed under reduced pressure to obtain 5 as an orange
solid (2.1 g, 64% yield). 1H NMR (400 MHz, CDCl3) δ 7.21 (t, J =
8.0 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 6.77 (s, 1H), 6.76 (d, J = 8.0,
1H), 4.78 (dd, J = 4.0, 2.4 Hz, 1H), 4.31 (ddd, J = 10.8, 4.0, 2.4, 2H),
2.59 (t, J = 7.6 Hz, 2H), 1.72 (s, 3H), 1.64 (s, 3H), 1.64−1.60 (m,
2H), 1.29 (s, br, 24H), 0.91 (t, J = 5.6 Hz, 3H). 13C NMR (101 MHz,
CDCl3) δ 170.5, 158.2, 144.8, 129.2, 121.8, 115.0, 111.8, 111.7, 74.3,
66.9, 36.0, 31.9, 31.4, 29.7−29.4 (10C), 27.1, 26.7, 22.7, 14.1.

Optimized Copolymerization Procedure. The selected DOX
monomer of a proper amount depending on the chosen m/m%
loading was placed in a 250 mL three-necked round bottom flask and
dried at 60 °C overnight, under nitrogen flow. Then, L-lactide (0.1
mol), Zn(ClO4)2 (0.25 wt % with respect to the monomers),
Zn(OTf)2 (0.05 wt % with respect to the monomers), and Sn(Oct)2
(0.03 wt % with respect to the monomers) were added and
mechanical stirring was performed (40 rpm). The reaction was carried
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out in a closed oven at 190 °C for 4 h, and then the polymer was left
for cooling overnight.
Nuclear Magnetic Resonance (NMR). 1H NMR and 13C NMR

spectra were recorded on Bruker Ultrashield 400 or Bruker Avance
300 MHz spectrometers, at 298 K.
Size Exclusion Chromatography (SEC). The molecular weight of

synthesized polymers was evaluated using a SEC system having a
Waters 1515 Isocratic high-performance liquid chromatography
(HPLC) pump and a four Waters Styragel column set (HR3-HR4-
HR5-HR2) with a UV detector Waters 2487 Dual λ Absorbance
Detector set at 230 nm, using a flow rate of 1 mL/min and 60 μL as
the injection volume. The samples were prepared by dissolving 50 mg
of polymer in 1 mL of anhydrous CH2Cl2 and filtering the solution on
0.45 μm filters. Given the relatively high loading, a check was
performed using a lower concentration of polymer (5 mg/mL) to
verify that no column overloading was observed. Higher loadings were
preferred as the UV signal of PLA is relatively weak. Molecular weight
data are expressed in polystyrene (PS) equivalents. The calibration
was built using 16 monodispersed PS standards, having a peak
molecular weight ranging from 1 600 000 Da to 106 g/mol (i.e.,
ethylbenzene). For all analyses, 1,2-dichlorobenzene was used as an
internal reference.
Thermogravimetric Analysis (TGA). TGA was performed using a

TGA 4000 Perkin Elmer instrument. Tests were conducted under a
nitrogen atmosphere on samples weighing from 5 to 10 mg each, with
a program that provides a single heating cycle from 30 to 650 °C at 20
°C/min.
Differential Scanning Calorimetry (DSC). DSC analyses were

conducted using a Mettler Toledo DSC1 on samples weighing from 5
to 10 mg each. Melting and crystallization temperatures were
measured using the following temperature cycles: (1) heating from
25 to 200 °C at 10 °C/min; (2) cooling from 200 to 25 °C at 10 °C/
min; (3) heating from 25 to 70 °C at 10 °C/min; and (4) heating
from 70 to 200 °C at 5 °C/min. The first two cycles were run to erase

the thermal history of the samples. Glass transition temperature (Tg),
cold crystallization temperature (Tcc), and melting temperature (Tm)
were determined during the second heating scan.

Wide-Angle X-ray Scattering (WAXS). Wide-Angle X-ray Scatter-
ing (WAXS) experiments were performed using a Rigaku DMAX-II
diffractometer. Diffraction patterns were obtained in the range 5° < 2θ
< 50° with Cu Kα radiation (λ = 1.5405 Å) under the following
conditions: 40 kV, 40 mA, step width 0.02°, time per step 2 s,
divergence slit 0.25°, Soller slit 0.04 rad, and antiscatter slit 0.5°.

Preparation of Blends and Films. Blends between synthesized
samples and PLA Ingeo 3251D were prepared through solvent mixing
using chloroform as a solvent. The samples were dissolved in a 10%
w/w ratio with Ingeo 3251D. One gram in the total of the material
was dissolved into 15 mL of CHCl3 at 30 °C. Once dissolution was
complete, solutions were cast on a glass surface and the solvent was
evaporated at room temperature and pressure overnight. Film samples
were then kept in a vacuum at 25 °C for 3 days. Complete
evaporation of the solvent was checked through TGA analysis.

Rheological Analyses. Rheological analyses, conducted using
frequency sweep experiments, were performed using a Physica
MCR 300 rotational rheometer with a parallel plate geometry
(diameter = 25 mm, the distance between plates = 1 mm). Linear
viscoelastic regimes of neat Ingeo 3251D and blends were studied;
strain was set equal to 5% and curves of complex viscosity, storage,
and loss modulus as a function of frequency were recorded, taking 30
points ranging from 100 to 0.1 Hz with a logarithmic progression, at
180 °C.

Zero shear viscosity (η0) values were calculated using a cross
equation passing from experimental data obtained as complex
viscosity (η*) versus angular frequency to data as shear viscosity
versus shear rate, thanks to the Cox−Merz rule.

Scheme 1. Reagents and Conditions: (a) Carvacrol, NaOH, H2O, Reflux, 4h; (b) Acetone, H2SO4, 4h; and (c) Cardanol,
NaOH, H2O/MeOH, Reflux, Overnight

Scheme 2. Copolymerization Reaction between CarvDOX and L-Lactide
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■ RESULTS AND DISCUSSION

Synthesis of DOX Monomers. The synthesis of
monomers relies on the direct functionalization of β-
chlorolactic acid 1, using two different naturally occurring
phenols, as shown in Scheme 1.
The preparation of compound 2 was straightforward,

according to conditions similar to those already reported in a
previous paper.30 The synthesis of compound 4 proved to be
more challenging, given the strong apolar character of
cardanol. In this case, it was necessary to add methanol as a
cosolvent to ensure the complete solubility of sodium
phenolate in the aqueous environment and to carry out
alkylation, albeit in moderate yield. CarvDOX and CardDOX
monomers were obtained straightforwardly, from α-hydroxy
acids 2 and 4, respectively.

L-Lactide−CarvDOX Copolymerization Reaction:
Screening of Conditions. Using CarvDOX as a model
monomer, all reactions were carried out with a 2% m/m DOX
to L-lactide ratio, at 190 °C, under a nitrogen atmosphere
(Scheme 2). The samples were analyzed through 1H NMR and
SEC to determine the conversion (with respect to both L-

lactide and DOX) and the molecular weight of the products.
Given the low quantity of DOX used, hydrodynamic volumes
of the copolymers obtained were considered to be identical to
the ones of PLA homopolymers: molecular weight data
obtained via SEC were therefore compared with no further
adjustments.
To find out the best conditions for the reaction of both

monomers, different catalytic systems, catalyst to monomer
ratios, and reaction times were evaluated (Table 1). At first,
different metal-based catalysts were selected with the aim to
determine the most active one toward DOX polymerization.
With Sn(Oct)2, which is the catalyst of choice for the ROP of
L-lactide, no reaction of the DOX monomer was detected,
while L-lactide reacted completely (entry 1). With the more
Lewis acidic SnCl2

42 (entry 2), a modest conversion of the
DOX monomer was detectable, showing a possible correlation
between the Lewis acidic character of the catalyst and the
interaction with 1,3-dioxolan-4-one. Given the well-known
activity of zinc-based catalysts toward L-lactide, cheap Zn-
(ClO4)2 was evaluated43 (entry 3). This catalyst proved its
effectiveness toward the DOX monomer, ensuring its complete

Table 1. Screening of Conditions for L-Lactide−CarvDOX Copolymerization

entry reaction time (h) catalyst catalyst loading (wt %) % reacted CarvDOXa % unreacted L-lactideb Mw (g/mol)c Đ

1 2 Sn(Oct)2 0.30 0 0 52 600 1.7
2 2 SnCl2 0.30 10 0 43 000 1.6
3 2 Zn(ClO4)2 0.30 100 54 5700 1.6
4 2 Mg(OCl4)2 0.3 100 80 oligomers
5 2 SnCl2 0.15 47 5 21 400 1.5

Zn(ClO4)2 0.15
6 2 SnCl2 0.10 36 8 19 700 1.6

Zn(ClO4)2 0.20
7 2 SnCl2 0.05 44 12 15 100 1.8

Zn(ClO4)2 0.25
8 6 Zn(ClO4)2 0.3 100 30 15 200 2.4
9 6 Zn(ClO4)2 0.2 100 13 13 900 1.5

Zn(OTf)2 0.1
10 6 Zn(ClO4)2 0.25 100 11 14 500 1.7

Zn(OTf)2 0.05
11 6 Zn(ClO4)2 0.15 100 17 14 300 1.4

Zn(OTf)2 0.15
12d 6 Zn(ClO4)2 0.20 100 2 5000 1.9

Zn(OTf)2 0.10
13d 6 Zn(ClO4)2 0.25 100 2 5300 1.9

Zn(OTf)2 0.05
14d 6 Zn(ClO4)2 0.15 100 2 2600 1.5

Zn(OTf)2 0.15
15d 6 Zn(ClO4)2 0.25 100 10 16 200 2.3

Zn(OTf)2 0.05
Sn(Oct)2 0.01

16d 6 Zn(ClO4)2 0.25 100 5 17 800 2.5
Zn(OTf)2 0.05
Sn(Oct)2 0.03

17d 2 Zn(ClO4)2 0.25 100 24 9700 1.5
Zn(OTf)2 0.05
Sn(Oct)2 0.03

18d 4 Zn(ClO4)2 0.25 100 3 18 400 2.4
Zn(OTf)2 0.05
Sn(Oct)2 0.03

aDetermined through 1H NMR spectroscopy as a ratio between the signal at 5.55 ppm and the sum of signals at 4.78 and 5.55 ppm in the final
product. bDetermined through 1H NMR spectroscopy as the ratio between the signal at 5.08 ppm and the sum of signals at 5.08 and 5.19 ppm in
the final product. cDetermined through SEC analysis against a PS calibration. dReactions performed with dried Zn(ClO4)2.
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conversion, but did not catalyze the ring-opening of L-lactide,
thus conducting to a low molecular weight polymer. Mg-
(ClO4)2

44 gave similar results, affording complete DOX
conversion, but only oligomers, because of the very low
reactivity of L-lactide (entry 4). Given the higher tendency of
DOX and L-lactide to react in the presence of zinc- and tin-
based catalysts, respectively, a mixture of Zn(ClO4)2 and SnCl2
was tested, in different ratios (entries 5, 6, and 7). In all cases,
the combination of the two catalysts allowed obtaining high
conversions of L-lactide and up to 47% conversion of the DOX
monomer. Considering the effectiveness of zinc-based catalysts
toward 3, Zn(ClO4)2 was tested again, increasing the reaction
time, to encourage the L-lactide reaction (entry 8). The
reaction gave higher molecular weight products with respect to
entry 3, even if unreacted L-lactide was still present in
considerable amounts. Once the need for longer reaction times
was realized, the following tests were carried out over a period
of 6 h. To further increase L-lactide reactivity, Zn(ClO4)2 was
tested in combination with the more Lewis acidic Zn(OTf)2,

44

in different ratios (entries 9, 10, and 11). All three reactions
showed a complete conversion of 3, with L-lactide conversion
improving as well. Aiming at evaluating the effects of
Zn(ClO4)2 hydration water, this catalyst was subjected to a
dehydration protocol,45,46 before being used for copolymeriza-
tion. As reported in entries 12, 13, and 14, in addition to the
complete conversion of 3, the use of a dried catalyst led to an
almost complete conversion of L-lactide. Surprisingly, however,
molecular weights of the products dropped significantly,
probably due to transesterification/backbiting reactions,
occurring at long reaction times, in the presence of the more
active dried catalysts. To counterbalance this effect, small
quantities of Sn(Oct)2 were added to the catalytic system,
finally resulting in relatively high molecular weight products
and good conversions for both monomers (entries 15 and 16).
With the best combination of catalysts in hand (entry 16), a
conclusive optimization was pursued, comparing different
reaction times. While an incomplete reaction was detected in
2 h (entry 17), the optimal sweet spot, in terms of highly
satisfactory conversion of both monomers and molecular
weight of the product, was obtained in 4 h (entry 18).

L-Lactide−CarvDOX Copolymerization Reaction: Eval-
uation of Monomer Reactivity and Molecular Weight
Growth. The L-lactide−CarvDOX copolymerization reaction
was carried out for 4 h at 190 °C under the optimized
conditions, as reported in Table 1, entry 18, with samples
taken at given times. The samples were frozen in liquid
nitrogen as soon as they were taken, to stop the reaction. All
samples were analyzed through 1H NMR and SEC, to evaluate
the conversion of the two monomers, as well as the molecular
weight growth. Stacked 1H NMR spectra for all samples are
reported in Figure 1 with magnifications of the areas of
interest. The reaction was considered to start upon reaching
190 °C, and the first sample was taken at that moment. Its 1H
NMR spectrum shows a signal at 4.61 ppm due to the partial
deprotection of the DOX monomer. This signal decreases
sharply in the following spectra (10, 20, 30 min), suggesting an
early consumption of unprotected DOX, which was likely
acting as a polymerization initiator. The formation of a
polymerization product is highlighted by the appearance and
increasing intensity of a broad signal between 5.49 and 5.65
ppm, which is attributable to the -CH- group in the DOX-
derived repeating unit. After 45 min, the DOX monomer
methine group signal was no more detectable, while unreacted

L-lactide (quartet at 5.08, CH) was still predominant. The
signal relative to L-lactide-derived repeating units (quartet at
5.19, CH) started to be visible at 20 min reaction time and
increased in intensity throughout the reaction, up to 4 h.
Several studies on lactide ROP kinetics describe the

evolution of the polymer molecular weight with time as
affected by many different factors, such as temperature, kind of
the catalyst, and the monomer to initiator ratio. In addition,
backbiting side-reactions can take place. These intramolecular
transesterification reactions are fairly common in the ROP of
lactide and become more significant at high temperatures and
long reaction times, resulting in a decrease of the molecular
weight due to the formation of cyclic oligomers.47−50 As shown
in Figure 2, in the L-lactide−CarvDOX copolymerization
described herein, two different trends can be highlighted,
namely, a fast increase of the molecular weight in the early
reaction stages, followed by a slowdown after 60 min reaction
time. The fast increase of the molecular weight at the
beginning of the reaction can be explained by the high
initiation and propagation rates at a high monomer
concentration. On the other hand, the increase of the
molecular weight generates an increase of the viscosity of the
melt, which hinders the heat and mass transfer, slowing down
the macromolecular chains’ growth.
The continuous, albeit slower, increase of the molecular

weight up to 4 h, demonstrate a limited occurrence of
backbiting side-reactions.

L-Lactide−CarvDOX Copolymerization Reaction: Op-
timization of CarvDOX Loading. Under the above reported
optimized conditions, different reactions were carried out,
varying the CarvDOX loading (2, 4, 10, and 20 mol %, with
respect to L-lactide). Crude polymerization products were
analyzed to determine the possible presence of unreacted
monomers. Stacked 1H NMR spectra in the ppm range of
interest are reported in Figure 3 (for the whole spectra, see the
Supporting Information).
The signals relative to the CH group in DOX-derived

polymeric units are visible between 5.49 and 5.65 ppm in all
spectra. DOX appeared to be fully reacted up to 4% m/m
CarvDOX, while some unreacted monomer was still present in
the final material, for reactions conducted at 10 and 20% m/m
loading (signal at 4.78 ppm). This incomplete insertion was
explained by a possible deactivation of the catalyst at high
DOX concentrations. Table 2 reports a 1H NMR-based
evaluation of the mol % of CarvDOX-derived repeating units
in the final polymer and the molecular weight data relative to

Figure 1. Stacked 1H NMR spectra recorded at 300 MHz for all
samples taken during the L-lactide−CarvDOX copolymerization with
magnifications of the 5.71−5.40 and 4.82−4.05 ppm regions.
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all copolymers compared to a standard PLA, synthesized in the
same conditions.
Superimposed SEC traces for all samples are reported in

Figure 4, showing a decrease of the final copolymer molecular
weight with an increase in the CarvDOX loading. As
highlighted above (Figure 1), CarvDOX deprotects at early
reaction stages, releasing free α-hydroxy acids that can likely
act as initiators. As the initial loading of the CarvDOX
monomer increases, the concentration of α-hydroxy acids
increases as well, ending up in a final lower molecular weight.
In addition, the possible, progressive deactivation of the

catalyst with the increasing DOX concentration may likely
have a detrimental effect on the molecular weight growth.

L-Lactide−CardDOX Copolymerization Reaction. The
protocol optimized for the L-lactide−CarvDOX copolymeriza-
tion was then applied to the reaction of the CardDOX
monomer. Copolymerizations with 2, 4, 10, and 20 mol % of
CardDOX with respect to L-lactide were performed. Stacked
1H NMR of the crude products in the ppm range of interest
are compared in Figure 5 (for whole spectra, see the
Supporting Information).
Furthermore, for the reaction of CarvDOX, the presence of

the L-lactide−CardDOX copolymerization product can be
deduced from the broad signal at 5.49−5.65 ppm, which is

Figure 2. Increase of the molecular weight over time for the L-lactide−CarvDOX copolymerization.

Figure 3. Stacked 1H NMR spectra recorded at 400 MHz of crude
products at different CarvDOX loadings.

Table 2. 1H-NMR-Based Evaluation of the Mol % of CarvDOX-Derived Repeating Units in the Final Copolymers. Molecular
Weight Data of Copolymers Compared to a Standard PLA

sample monomer loading (mol %) reacted monomer (mol %)a Mn (g/mol)b Mw (g/mol)b Mp (g/mol)b Đ

PLA 10 000 19 000 15 000 1.9
PLA-co-Carv2 2 2.0 10 000 20 000 15 000 2.0
PLA-co-Carv4 4 4.0 7000 17 000 12 000 2.2
PLA-co-Carv10 10 6.0 6000 13 000 12 000 2.2
PLA-co-Carv20 20 11.2 6000 10 000 9000 1.7

aDetermined through 1H NMR spectroscopy as a ratio between signals at 5.55 and 5.19 ppm in the final product. bDetermined through SEC
against a PS calibration.

Figure 4. SEC traces relative to standard PLA and L-lactide−
CarvDOX copolymers.
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referred to the CH of CardDOX in the polymerized units.
Also, in this case, when higher CardDOX loadings were tested,
some unreacted monomer was detectable at the end of the
reaction, as highlighted by the signal centered at 4.77 ppm.
Table 3 reports the 1H NMR-based evaluation of the mol % of
CarvDOX-derived repeating units in the final polymer and the
molecular weight data relative to all copolymers compared to a
standard PLA.
The reactivity of the CardDOX monomer appeared to be

comparable to that of CarvDOX, with residual, unreacted
monomer still present, when used at higher loading.
Superimposed SEC traces for all samples are reported in

Figure 6. As already observed for L-lactide−CarvDOX
copolymerization, also in this case, the molecular weight of
the products decreases with the increasing DOX monomer
loading. Such a decrease can be due to not only the presence of
DOX-deprotected species acting as initiators, as already
proposed for the L-lactide−CarvDOX copolymerization, but
also, in this case, due to the peculiar hydrophobic nature of the
cardanol-derived moiety, which likely causes progressive phase
separation between the growing chain and the free monomer,
indeed acting as a hurdle for the chain growth.
Investigation of the Microstructures of Copolymers.

Once the optimized reaction conditions were proven effective
for the copolymerization of DOX monomers and L-lactide, a
preliminary investigation of the microstructure of the polymer
was carried out. As shown in Figure 1, both monomers react
during the early reaction stages, suggesting the formation of a
random copolymer. From a stereochemical point of view,
reactions were carried out between enantiomerically pure L-
lactide and racemic DOX monomers. For this reason, the

random reaction of L-lactide with either (R)- or (S)-DOX,
would end up in the generation of a stereochemical disorder.
To investigate this aspect further, 1H NMR spectra were

recorded decoupling from the methyl signal at 1.56 ppm. PLA-
co-Carv10 and PLA-co-Card10 were chosen as model samples
and compared to standard PLA. Magnifications of the three
spectra in the decoupled methine region are reported in Figure
7.

Figure 7A reports the stacked spectra of the three samples,
showing a main singlet at 5.15 ppm, related to methine protons
of the stereoregular L-lactide-derived units. Both copolymers

Figure 5. Stacked 1H NMR spectra recorded at 400 MHz of crude
products at different CardDOX loadings.

Table 3. 1H-NMR-Based Evaluation of the mol % of CardDOX-Derived Repeating Units in the Final Copolymers. Molecular
Weight Data of Copolymers Compared to a Standard PLA

sample monomer loading (mol %) reacted monomer (mol %)a Mn (g/mol)b Mw (g/mol)b Mp (g/mol)b Đ

PLA 10 000 19 000 15 000 1.9
PLA-co-Card2 2 2.0 11 000 26 000 16 000 2.5
PLA-co-Card4 4 4.0 10 000 19 000 13 000 1.9
PLA-co-Card10 10 8.4 7000 11 000 9000 1.7
PLA-co-Card20 20 9.5 oligomers oligomers

aDetermined through 1H NMR spectroscopy as a ratio between signals at 5.55 and 5.19 ppm in the final product. bDetermined through SEC
against a PS calibration.

Figure 6. SEC traces relative to standard PLA and L-lactide−
CardDOX copolymers.

Figure 7. Stacked (A) and superimposed (B) homonuclear decoupled
1H NMR spectra recorded at 300 MHz in the methine region of PLA-
co-Card10, PLA-co-Carv10, and PLA samples, normalized with
respect to the main peak at 5.15 ppm. Superimposed 13C NMR
spectra in the methine region of PLA-co-Card10 and PLA-co-Carv10
samples (C).
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show broadening at 5.15−5.25 ppm, not detectable in the PLA
spectrum. This broadening is likely related to the presence of
different tetrads,51−54 generated by the random succession of
L-lactide and (R)- or (S)-DOX-derived units, similar to that
observed in the spectra of (rac)-lactide polymerization
products.
In Figure 7B, the same spectra were superimposed. The

broadening at 5.15−5.25 ppm appears to have a comparable
intensity for both PLA-co-Card10 and PLA-co-Carv10 samples.
Moreover, the main peak at 5.15 ppm of the two copolymers is
not as sharp as the one detected for the PLA sample, showing
shoulders that could be still attributed to the stereochemical
disorder.
Superimposed 13C NMR spectra in the methine region are

reported in Figure 7C. The main peak at 69.7 ppm is related to
the methine groups of the stereoregular polymer regions
derived from enantiopure L-lactide. The two minority peaks at
70.3 and 70.1 ppm further confirm the generation of random
sequences of L-lactide and (R)- or (S)-DOX-derived units
during the copolymerization reaction.
Thermal Characterization of L-Lactide−CarvDOX and

L-Lactide−CardDOX Copolymers. Before thermal analysis,
all samples were dissolved in a minimum amount of DCM,
precipitated in cold MeOH, and analyzed through 1H NMR to
assess the complete removal of unreacted species. The two
samples derived from 20 mol % DOX loading (i.e., PLA-co-
Carv20 and PLA-co-Card20) did not precipitate, probably
because of the low molecular weight and, therefore, were not
characterized through TGA and DSC analyses.
TGA Analyses. TGA analyses were performed to determine

the thermal stability of copolymers, with respect to a standard
PLA synthesized in the same reaction conditions. For a direct
comparison among all samples, temperatures corresponding to
the 5, 50, and 95% weight loss were chosen and labeled as T5%,
T50%, and T95%, respectively. TGA thermograms for all samples
are reported in the Supporting Information, while the relative
data are summarized in Table 4.

PLA-co-Carv2 and PLA-co-Carv4 show a slight increase in
thermal stability, with T5% higher up to 6 °C over standard
PLA. Remarkably, PLA-co-Carv2 appears more stable along the
entire thermal degradation pathway, with T95% being 14 °C
higher than the one of standard PLA. PLA-co-Carv4 and PLA-
co-Carv10 degrade faster once the degradation starts. It should
be noted that PLA-co-Carv10 shows comparable thermal
stability with respect to the PLA sample, albeit having a
significantly lower molecular weight. It is worth mentioning
that the weight loss of more classical PLA-carvacrol blends
starts at temperatures lower than 200 °C.31,34 This behavior is
partly attributed to the evaporation of the free carvacrol

dispersed within the matrix and also to an actual degradation
of the chains, promoted by the slightly acidic phenol moieties.
PLA-co-Card copolymers show a different behavior: their

thermal stability is slightly lower than the one of PLA and gets
lower as the quantity of cardanol increases. T5% of all samples is
anyway far higher than Tm of PLA, confirming an overall good
thermal stability of PLA-co-Card copolymers. As already
observed for PLA-carvacrol blends, also previously reported
PLA-cardanol blends have significantly lower thermal stability
with respect to standard PLA.39,40 Therefore, even if the
overall thermal stabilities of the copolymers are lower than
those of standard PLA (with the exception of PLA-co-Carv2),
these findings appear remarkable if compared with those
reported from the previous literature related to blending
strategies. In addition, all samples start to degrade at
temperatures higher than the melting temperature of PLA,
opening possibilities for melt mixing processing. In particular,
as both carvacrol31−35 and cardanol36−40 are known as
biobased PLA additives for the tuning of thermal properties,
the usage of such copolymers would guarantee optimal
compatibility and dispersion within the matrix, overcoming
the common hurdles to the use of phenols as additives for
PLA-based materials.

DSC Analyses. DSC thermograms for all samples are
reported in the Supporting Information, while the relative data
are summarized in Table 5. Glass transition temperature Tg,
cold crystallization temperature TCC, and melting temperature
Tm refer to the transitions occurring during the second heating
scan.

PLA-co-Carv2 and PLA-co-Carv4 are semicrystalline poly-
mers with Tg similar to that of standard PLA. The cold
crystallization peak for both samples was detected at
temperatures higher than the ones of PLA, and the melting
peak was split, indicating the presence of two distinct
crystalline phases. Both the higher TCC with respect to PLA
and the splitting of the melting peak can be ascribed to the
presence of more disordered crystal structures due to the
hindering effect of carvacrol-derived side groups. It has been
reported55 that PLA generates stable crystals, labeled as α-
crystals, when crystallizing from the melt. A disordered
crystalline form (known as α′) can arise when structural
elements preventing an efficient crystallization are present.
Being less ordered, α′ crystals melt at lower temperatures with
respect to standard α ones. In PLA-co-Carv, the presence of
bulky carvacrol-derived side moieties likely interacts with PLA
crystallization, resulting in the formation of a double crystalline
phase. The increased chain disorder was confirmed by the
thermogram of PLA-co-Carv10. While Tg remains almost
constant, the material appeared to be completely amorphous,

Table 4. Thermal Degradation Data Relative to Synthesized
PLA-co-Carv and PLA-co-Card Copolymers

sample T5% (°C) T50% (°C) T95% (°C)

PLA 272.1 329.6 356.7
PLA-co-Carv2 278.1 337.7 371.1
PLA-co-Carv4 276.8 319.2 343.0
PLA-co-Carv10 271.1 317.2 344.3
PLA-co-Card2 270.7 313.1 333.1
PLA-co-Card4 267.3 311.3 333.5
PLA-co-Card10 263.2 300.0 320.6

Table 5. DSC Data Relative to the Second Heating Scans for
Synthesized PLA-co-Carv and PLA-co-Card Copolymers

sample Tg (°C) TCC (°C) Tm (°C)

PLA 57 100 170
PLA-co-Carv2 56 121 149 156
PLA-co-Carv4 57 114 140 149
PLA-co-Carv10 55
PLA-co-Card2 52 150
PLA-co-Card4 51 152
PLA-co-Card10 44
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as a result of the increased quantity of bulky substituents
hindering an efficient crystallization.
Cardanol-derived copolymers show a different behavior,

with all three samples (i.e., PLA-co-Card2, PLA-co-Card4, and
PLA-co-Card10) displaying a decrease of Tg, up to 13 °C less
than standard PLA. Having similar molecular weights, this
highlights the effects exerted in the presence of cardanol-
derived side chains on the glass transition temperature of the
product. With regard to the crystallization behavior, both PLA-
co-Card2 and PLA-co-Card4 show very broad, hardly
detectable cold crystallization peak, followed by a broad

melting peak with low intensity. As already observed for PLA-
co-Carv samples, the presence of bulky substituents hinders
proper crystallization, which is even more difficult in PLA-co-
Card, given the presence of the long cardanol-derived side
chain. In fact, PLA-co-Card10 appeared to be fully amorphous.

Wide-Angle X-ray Scattering (WAXS). WAXS analyses
were performed to further investigate the effects of the
carvacrol and cardanol-derived side chains on the crystallinity
of the obtained materials. Figure 8 reports the stacked
diffractograms for all samples, with the main peaks highlighted.

Figure 8. WAXS diffractograms for all synthesized samples.

Figure 9. (a) Complex viscosity curves of cardanol-containing blends compared to Ingeo 3251D; (b) complex viscosity curves of carvacrol-
containing blends compared to Ingeo 3251D; (c) storage modulus curves of cardanol-containing blends compared to Ingeo 3251D; (d) storage
modulus curves of carvacrol-containing blends compared to Ingeo 3251D.
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WAXS diffractograms for each sample are reported in the
Supporting Information file. All samples are characterized by a
well-defined diffraction pattern, which is associated with an
ordered α-crystalline phase.56 In particular, the two most
intense peaks, namely, at 2θ = 16.7 and 19.2°, can be ascribed
to the (110)/(200) and (203) lattice planes, respectively. Also,
less intense peaks at 2θ = 12.8, 14.7, and 22.4° can be
attributed to the α-phase. It was reported that the α- and the
less ordered α′-phases are characterized by similar diffraction
patterns, with the most significant difference being a weak
scattering peak at 2θ ≈ 24.0° for the α′-phase.57 All samples
show a small peak at 2θ ≈ 24.0°, which becomes more intense
with the increase of the DOX-derived unit concentration,
parallel to the second melting peak in DSC data, and in
accordance with a progressive rise of the α′-crystalline phase.
Clearly, the disorder imparted by the bulky aromatic side
groups translates to less crystalline materials. In particular,
WAXS diffractograms show a broadening of the peaks as the
DOX-derived unit concentration increases, pointing out a
more significant contribution of the amorphous phase.
Rheological Analyses. Given the relatively low molecular

weight and good thermal properties, CarvDOX and CardDOX-
derived copolymers could be used as functional additives in
PLA-based materials, ensuring high compatibility and prevent-
ing the possible leakage over time of phenols which, as such,
are scarcely compatible with PLA. To assess this potential,
PLA-co-Carv and PLA-co-Card were blended with a
commercial injection molding grade PLA, Ingeo 3251D, and
the effects exerted by the aromatic side groups of copolymers
on the melt rheology of the final blends were investigated,
focusing on complex viscosity η*, storage modulus G′, and loss
modulus G″. Figure 9 reports the rheological curves obtained
through frequency sweep experiments for all samples. Graphs
relative to complex viscosity (panels a and b) and storage
modulus (panels c and d) are presented, while loss modulus
graphs are reported in the Supporting Information file.
All blends show a typical pseudoplastic behavior with a

Newtonian plateau at low shear rates. As expected, melt
viscosities are lower than that of the commercial PLA used as
the matrix, but they fall in the same range. Table 6 reports the

η0 values obtained for all blends. Interestingly, among
cardanol-derived blends (panel a), the PLA-co-Card10 blend
shows a higher viscosity than PLA-co-Card4 and PLA-co-Card2
blends, despite being based on the lowest molecular weight
copolymer. This might be related to the higher concentration
of long aliphatic side chains of cardanol. On the other hand,
carvacrol-derived blends (panel b) display decreasing viscosity
with decreasing molecular weight of copolymers, as expected.
Storage modulus curves show a typical pseudoplastic

behavior for all samples. G′ appears to decrease in the 100

to 10 s−1 range, following a linear trend. At frequencies lower
than 10 s−1 Ingeo 3251D and most of the blends have storage
modulus values that become too low to be accurately measured
by the instrument.

■ CONCLUSIONS
The applicability of 1,3-dioxolan-4-ones (DOXs) as functional
comonomers for the synthesis of PLA-based materials was
demonstrated. Two naturally occurring phenols (i.e., carvacrol
and cardanol) were chosen for DOX functionalization, given
their wide application as additives in many different polymeric
matrices when tuning of the thermal and rheological properties
is required. Carvacrol-derived DOX (CarvDOX) was selected
as the model comonomer, and screening of copolymerization
conditions with L-lactide was carried out. A solvent-free
protocol, using a triad of metal catalysts, was developed and
then applied to the synthesis of a series of copolymers, varying
the starting CarvDOX loading and also using the alternative
cardanol-derived DOX (CardDOX). The limits of the protocol
were pointed out at high DOX concentrations, probably due to
a deactivation of the catalytic system. NMR studies were
carried out aiming at the determination of the microstructures
of copolymers, and the formation of random copolymers was
demonstrated. Then, the thermal properties of the synthesized
copolymers were investigated, demonstrating the positive effect
of 2% carvacrol-derived units on thermal stability, as well as the
lowering of Tg due to the cardanol-derived side chains. By
means of wide-angle X-ray scattering analyses, the effects of the
carvacrol and cardanol-derived side chains on the crystallinity
of the obtained materials were deepened. Finally, the potential
application of the synthesized copolymers as additives for PLA
was investigated through the preparation of blends and the
study of their rheological properties. All blends show a typical
pseudoplastic behavior, with PLA-co-Card10 blend displaying
an optimal balance between melt viscosity and the content of
cardanol-derived units, which witness the potential of this
copolymer as a PLA additive for tuning of the final material
properties.
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