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The synthesis of aliphatic, degradable polyesters based on biobased alditols was investigated. Mannitol
and dulcitol were employed as biobased building blocks for the synthesis of aliphatic polyesters in combi-
nation with sebacoyl chloride. In order to achieve optimal control over the macromolecular architecture
of the polymer, multifunctional monomers were converted to bifunctional species through a straight-
forward protection strategy. Bifunctional di-O-isopropylidene derivatives were synthesized starting from
mannitol and dulcitol in a one-step procedure and exploited as monomers to yield linear poly(mannitol
sebacate) (PMS) and poly(dulcitol sebacate) (PDS) derivatives. The use of a bifunctional monomer allowed
an optimal control over the macromolecular architecture and the synthesis of PMS and PDS-based
polyols. These polyols were then employed as initiators for the synthesis of PLA-based copolymers. Two
different concentrations of PMS and PDS were tested and the related effects investigated, regarding the
molecular weight and thermal properties of the resulting PLA-based copolymers. Deprotection of the iso-
propylidene moieties on the polyol backbone was then evaluated in order to determine the influence of
liberation of free OH- groups on the wettability of the materials. Finally, degradation tests were performed
in different agueous environments, showing the influence of PMS and PDS on the degradation rate of

rsc.li/polymers PLA-based materials.

Introduction

In pursuit of environmentally friendly materials aimed at a
more sustainable future, the so-called “bioplastics” play a sig-
nificant role."” Bioplastics can be either biobased or bio-
degradable or both®® and are becoming more and more
important from an industrial point of view as an alternative to
oil-derived, non-biodegradable traditional plastic materials.
From an environmental perspective, biobased and non-bio-
degradable bioplastics may have the advantage of a reduced
carbon footprint with respect to their oil-derived
equivalents.®” However, if not properly managed, biobased
materials could exhibit the same accumulation problems of
their oil-derived counterparts in the environment.®
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Biodegradable plastics can offer some advantages to this
regard. The best solution overall is always to properly manage
and dispose of the plastic waste to end up with effective re-
cycling. However, for all those applications in which the recov-
ery of the end-of-life plastic is difficult or at high risk of
ending up in the environment, biodegradable materials can
represent a convenient solution as they could degrade to
usually harmless byproducts avoiding accumulation.”™
However, fast degradation in all possible environments might
not take place and biodegradation needs to be coupled with
specific environmental conditions. In fact, some well-known
biodegradable plastics, such as polylactic acid (PLA), are only
certified to be degradable in industrial compost with much
more harsh degradation conditions compared to natural
environments. For this reason, extensive research is being
carried out in the field, with both the development of comple-
tely new biodegradable materials'®> and the optimization of
processing procedures of already existing ones aimed at new
industrial applications.”*"” The main issue with bio-
degradable plastics, however, resides in their chemical nature:
biodegradability features are granted by labile bonds along the
whole polymeric chain and by functional groups that are sensi-
ble to the specific conditions in which the material is expected
to degrade (ie. high humidity, light, heat, etc.)."®>° The
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inherent chemical weakness of these bonds therefore rep-
resents a significant hurdle for the classical processing meth-
odologies that usually require high temperatures and mechani-
cal stresses,”>* as well as for the shelf-life of the products,
especially in the food packaging field.>*** For these reasons, it
is difficult to balance properly the degradability with the
mechanical and thermal properties that are required for an
extended industrial applicability and including possible
mechanical recyclability. Within this context, a material that,
in principle, could have tuned degradability depending on the
conditions appears highly valuable.

From both industrial and academic points of view, one of
the most significant bioplastics is represented by the already
mentioned PLA, which combines the biobased nature and bio-
degradability under favourable conditions with overall good
properties.”®*” For these reasons, PLA is gaining more and
more importance at the industrial level and its market is stea-
dily increasing, especially in the food packaging field.”®?°
Despite its good properties PLA biodegrades relatively slowly
and lacks versatility, as it is an aliphatic polyester which, due
to the standard industrial synthetic pathway, is scarcely suited
for targeted chemical modifications that could be exploited to
improve the desired properties.***' To overcome such draw-
backs, our previous works pointed out the possibility to intro-
duce appropriate side groups through copolymerization reac-
tions between lactide and 1,3-dioxolan-4-ones (DOX)
monomers.>>* On a general level, copolymerization reactions
can be exploited in several different ways to improve the pro-
perties of a material or a class of materials®>° and within this
perspective, and with the idea of developing fully biobased
and biodegradable materials, mannitol was investigated as a
possible comonomer for the synthesis of PLA-based polyesters
with tunable properties and degradability. Mannitol, dulcitol
and alditol in general are biobased carbohydrates that have
often been employed as monomers for the synthesis of func-
tional polyesters.’®*" The main hurdle for their use for this
purpose is represented by their great number of functionalities
that can eventually result in difficulties in controlling the
macromolecular architecture and molecular weight of the final
product, ultimately leading even to highly crosslinked
materials. For this reason, previous reports involving the use
of mannitol as a biobased monomer for the synthesis of poly-
esters usually deal with the protection of secondary alcohol
moieties to end up with difunctional monomers.*>*> However,
these procedures rely on multi-step syntheses with overall poor
yields and involvement of toxic chemicals. In this work, a
single step, high yield protection strategy of mannitol and dul-
citol was investigated, to synthesize difunctional di-O-iso-
propylidene-p-mannitol (i-PrMan) and di-O-isopropylidene-p-
dulcitol (i-PrDul). Following the idea of obtaining a fully bio-
based material, i-PrMan and i-PrDul were combined with seba-
coyl chloride to synthesize poly-mannitol sebacate (PMS) and
poly-dulcitol sebacate (PDS) polyols. NMR and MALDI-TOF
analyses were carried out on the PMS and PDS polyols in order
to fully describe the resulting structures. These polyols were
then employed as initiators for the synthesis of PLA-based
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materials: PLA-PMS and PLA-PDS copolymers were synthesized
with different loadings of PMS and PDS, respectively. The
effects of different PMS and PDS concentrations on the mole-
cular weight and on the thermal properties of the copolymers
were evaluated through SEC and TGA analyses. Wettability of
the materials was also investigated, demonstrating the tunabil-
ity of surface properties after deprotection of the acetals on the
i-PrMan- and i-PrDul-derived units. Finally, the potential
degradability of the copolymers was evaluated with “in vitro”
studies and compared with a standard PLA synthesized under
the same conditions, in order to determine the influence of
the PMS and PDS cores.

Experimental

Materials and methods

Nuclear magnetic resonance (NMR). 'H NMR and *C NMR
spectra were recorded on Bruker Ultrashield 400 or Bruker
Avance 300 MHz spectrometers at 298 K. The spectra were
recorded after weighing 6 to 7 mg of sample dissolved in
0.7 mL of CDCl;.

Size exclusion chromatography (SEC). The molecular weight
of the synthesized polymers was evaluated using a SEC system
having a Waters 1515 isocratic HPLC pump and a four Waters
Styragel columns’ set (HR3-HR4-HR5-HR2) with a UV Waters
2487 dual A absorbance detector set at 230 nm, using a flow
rate of 1 mL min~" and 60 pL as the injection volume. The
samples were prepared by dissolving 50 mg of polymer in
1 mL of anhydrous CH,Cl, and filtering the solution on
0.45 pm filters. Given the relatively high loading, a check was
performed using a lower concentration of polymer (5 mg
mL™") in order 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 1600000 Da to 106 g mol™" (i.e. ethyl
benzene). For all analyses, 1,2-dichlorobenzene was used as
the internal reference. Since the SEC results are sensitive to
the baseline and integration range, the molecular weights
reported are approximated to the multiple of 100 Da.

Matrix-assisted laser desorption/ionization-mass spec-
trometry (MALDI-MS). A Bruker UltraFlex time-of-flight (TOF)
mass spectrometer with a SCOUT-MTP ion source and
equipped with a 337 nm nitrogen laser was used in reflector
mode. Before the analysis, the samples (1 mg mL™"), the
matrix, DHB (10 mg mL™"), and the potassium trifluoroacetate
salt (1 mg mL™") solutions in MeOH were mixed and dropcast
on a stainless steel MALDI plate in a volume of 8 pL.

Fourier transform infrared (FTIR) spectroscopy. FTIR spec-
troscopy was done on a PerkinElmer Spectrum 100 with 16
scans from 4000 to 600 cm™" through a resolution of 4 cm™.
The golden gate was from Graseby Specac (Kent, UK), and the
software PerkinElmer Spectrum was used to process the data.

This journal is © The Royal Society of Chemistry 2024
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Differential scanning calorimetry (DSC). A Mettler-Toledo
820 DSC was utilized to conduct the measurements. About
5 mg of each sample was placed in a 40 pL aluminum cup with
a pinhole on the lid. The applied heating rate was 10 °C min~"
under a nitrogen atmosphere (rate 50 mL min~'). Thermal be-
havior was investigated using the following temperature cycles:
(1) heating from 25 to 200 °C; (2) 5 min isotherm at 200 °C; (3)
cooling from 200 to 25 °C; (4) 2 min isotherm at 25 °C; and (5)
heating from 25 to 200 °C. The first heating and cooling cycle
was run to eliminate residual internal stresses derived from
the preparation. The data reported are taken from the second
heating scan.

Thermogravimetric analysis (TGA). A Mettler-Toledo TGA/
SDTA 851e was utilized for thermal analysis. Five milligrams of
each sample were placed into a 70 pL alumina cup and heated
at a rate of 10 °C min~". The measurements were performed
under an 80 mL min~" nitrogen flow.

Water contact angle (WCA) analyses. Surface wetting pro-
perties of the cast films were assessed by contact angle
measurements using a Kriiss Easydrop instrument. The
contact angle values were obtained by depositing a drop (5 pL)
of distilled water. Five measurements were taken on each
sample to get reliable values, averaging the obtained results.

Scanning electron microscopy (SEM). An SE- 4800 SEM
(Hitachi, Japan), operating at a voltage of 0.5 keV, was utilized
to characterize the films. Prior to SEM observation, all samples
were sputter coated with a 3.5 nm-thick Pt/Pd layer.

Synthetic procedures

Materials and methods. All chemicals were purchased from
Sigma Aldrich and used as received.
Synthesis of 1,2 : 5,6-di-O-isopropylidene-p-mannitol (i-PrMan).

i-PrMan was synthesized according to the literature
procedure.*®
Synthesis of di-O-isopropylidene-p-dulcitol  (i-PrDull,

i-PrDul2). p-Dulcitol (100.00 g, 0.549 mol) and 2,2-dimethoxy-
propane (160 mL, 1.30 mol) were mechanically stirred in
freshly distilled 1,2-dimethoxyethane (DME) (240 mL) at room
temperature. Stannous chloride (100 mg, 0.53 mmol) was
added and the reaction was warmed up to reflux for 90 min.
The heat was removed and once the reaction had ceased to
reflux, pyridine (240 pL) was added. The mixture was allowed
to cool to room temperature and the solvent was removed
under reduced pressure. The resulting crude product was
redissolved in dichloromethane (600 mL) and mechanically
stirred under reflux until most of the solid had dissolved. The
heat was removed and once reflux had ceased, Celite (20 g) was
added. The mixture was cooled to room temperature, the
slurry was filtered through Celite, and the filtrate was washed
with dichloromethane (2 x 100 mL). The organic washings
were combined and concentrated, to provide di-O-isopropyl-
idene-p-dulcitol (100 g, 80%), as a mixture of stereoisomers 1
and 2. The mixture was used without further purification.
i-PrDull: '"H NMR (400 MHz, chloroform-d) & 4.26 (td, J = 6.5,
4.7 Hz, 1H), 4.14-4.04 (m, 2H), 3.92 (dd, J = 8.6, 6.5 Hz, 1H),
3.89-3.70 (m, 3H), 3.52 (dd, J = 8.7, 4.8 Hz, 1H), 2.75 (bs, 1H),
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1.50-1.35 (m, 12H). i-PrDul2: "H NMR (400 MHz, chloroform-
d) § 4.14-4.04 (m, 2H), 3.89-3.70 (m, 6H), 2.39 (s, 1H),
1.50-1.35 (m, 12H).

Synthesis of poly(mannitol sebacate) (PMS). i-PrMan (5.00 g,
19.1 mmol) and triethylamine (5.32 mL, 38.2 mmol) were
stirred in anhydrous THF (30 mL) at 0 °C under a nitrogen
atmosphere. Sebacoyl chloride (4.52 g, 18.9 mmol) was added
dropwise. Once the addition was completed the reaction was
heated to reflux and left under stirring for 16 h. The reaction
mixture was then cooled to room temperature and diluted with
Et,0 (150 mL). The precipitate was filtered off and the solution
washed with saturated a NaHCO; solution (4 x 20 mL) and
brine (4 x 20 mL). The organic phases were collected and dried
over anhydrous Na,SO,. The solvent was evaporated under
reduced pressure and PMS was recovered as a yellow highly
viscous fluid.

Synthesis of poly(dulcitol sebacate) (PDS). i-PrDul (5.00 g,
19.1 mmol) and triethylamine (5.32 mL, 38.2 mmol) were
stirred in anhydrous THF (30 mL) at 0 °C under a nitrogen
atmosphere. Sebacoyl chloride (4.52 g, 18.9 mmol) was added
dropwise. Once the addition was completed the reaction was
heated to reflux and left under stirring for 16 h. The reaction
mixture was then cooled to room temperature and diluted with
Et,O (150 mL). The precipitate was filtered off and the solution
washed with a saturated NaHCO; solution (4 x 20 mL) and
brine (4 x 20 mL). The organic phases were collected and dried
over anhydrous Na,SO,. The solvent was evaporated under
reduced pressure and PMS was recovered as a yellow highly
viscous fluid.

Synthesis of PLA. 1-Lactide (10 g) and tin octanoate (0.3%
w/w on lactide), added as a catalyst, were introduced into a
250 mL three necked round bottomed flask. Slow nitrogen
flow was used to ensure the presence of an inert atmosphere
during the polymerization reaction. Mechanical stirring was
provided (40 rpm). The reaction was conducted in a closed
oven at 180 °C for 2 h. At the end of the reaction, the polymer
was left to cool overnight under a nitrogen atmosphere.

Synthesis of PLA-polyalditol sebacate copolymers.
Copolymers were synthesized by in situ polymerization, from
t-lactide in bulk according to the following procedure.
t-Lactide (10 g), PMS or PDS (5% or 10% w/w on lactide) and
tin octanoate (0.3% w/w on lactide), added as a catalyst, were
introduced into a 250 mL three necked round bottomed flask.
Slow nitrogen flow was used to ensure the presence of an inert
atmosphere during the polymerization reaction. Mechanical
stirring was provided (40 rpm). The reaction was conducted in
a closed oven at 180 °C for 2 h. At the end of the reaction, the
polymer was left to cool overnight under a nitrogen
atmosphere.

Deprotection reaction. The polymer (500 mg) was dissolved
in DCM (10 mL). Anhydrous ZnBr, (50 mg, 0.22 mmol) was
added and the mixture was left under stirring at room temp-
erature for 16 h. The residual ZnBr, was then filtered off and
the solution was washed with a 10% EDTA solution (3 x
20 mL). The organic phase was dried over anhydrous Na,SO,
and poured into a Petri dish to obtain the deprotected polymer
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as a cast film. The protocol was tested on all samples (i.e. PLA,
PLA-PMS5, PLA-PMS10, PLA-PDS5 and PLA-PDS10).

Film casting. One gram of each polymer was dissolved in
30 mL of DCM at 30 °C. Once dissolution was complete, the
solutions were cast on a glass surface and the solvent was evap-
orated at room temperature and under pressure overnight.
Film samples were then kept in a vacuum oven at 25 °C for 3
days. Complete evaporation of the solvent was checked
through TGA analysis. The films were employed for the wett-
ability tests and the SEM micrographs.

Degradation tests. Degradation tests were carried out on
300 mg of each polymer. The polymer was placed in 10 mL of
four different solutions: (1) distilled water; (2) HCI solution
(pH = 4); (3) NaOH solution (pH = 10) and (4) marine water
solution (Instant Ocean, 37-38% salinity). Each sample was
stirred for 30 days at room temperature and then the polymer
was collected, dried and analysed through SEC.

Results and discussion

Monomer and polymer syntheses and structural
characterization

First investigations involved the protection of mannitol. One of
the most significant hurdles in the use of carbohydrate deriva-
tives as monomers is represented by the high number of func-
tionalities that make it difficult to target highly regular and
linear structures during the polymerization. A possible solu-
tion to this problem is to selectively protect some of these free
-OH groups to yield bifunctional species. Previous literature
reports dealing with the protection of mannitol were aimed at
the protection of the secondary alcohol moieties resulting in a
bifunctional monomer with free primary hydroxyl groups.*>™**
From one side an approach of this kind can provide better
reactivity since primary alcohols are, in general, less influ-
enced by steric encumbrance. On the other hand, the selective
protection of secondary alcohol moieties on alditols usually
relies on multi-step procedures that are eventually troublesome
and with a low overall yield. For this reason a different
approach was tested, aiming at the synthesis of i-PrMan
through a convenient one-step procedure, as reported in
Scheme 1. The synthesis proceeded smoothly to give i-PrMan a
good overall yield (80%). The protection reactions of alditols
are significantly affected by their stereochemistry. For this

OH OH 0o OH QJ(
L oon O T o
HO™ ™ o Y
OH OH SnCl,, DME %'6 OH
reflux i-PrMan
D-Mannitol

OH OH

~o “_OH
:O\
OH .
HO — 0 OH +

Yo
O A_OH
OH OH SnCl, DME ﬁ/o HoAgjov

reflux i-PrDul1 O—$ i-PrDul2

Scheme 1 Synthesis of i-PrMan and i-PrDul.
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reason, while starting from p-mannitol only one product is
formed with high efficiency, the same reaction performed on
p-dulcitol forms of a mixture of two distinct di-O-isopropyl-
idene derivatives.*® In this regard, the acetylation of p-dulcitol
usually yields a complex mixture of products whose separation
and purification may be troublesome.*” The application of the
same conditions used for the protection of mannitol to
p-dulcitol yielded a mixture of two species, i-PrDull and
i-PrDul2, as shown in Scheme 1. The composition of the
mixture in terms of relative amounts of the two products was
assessed through NMR. The signal relative to the two species,
i-PrDull and i-PrDul2, can be distinguished as shown by the
"H NMR expansion reported in Fig. 1. A detailed discussion of
the signals’ assignments is reported in the ESL

The comparison of the integrals of signals relative to
i-PrDull and i-PrDul2 allowed us to determine their relative
ratios as being 1 to 1.7. In order to limit the purification steps
and have a direct comparison with i-PrMan, i-PrDul was
employed in polymerisation as such and its reactivity was
tested as a mixture of i-PrDull and i-PrDul2.

Both i-PrMan and i-PrDul were employed as monomers for
the synthesis of polyols in the form of polyesters through com-
bination with sebacoyl chloride.

The reaction was performed in solution, with a slight excess
of i-PrMan and i-PrDul in order to target OH-terminated
chains with good control. The reaction yielded polymannitol
sebacate (PMS) and polydulcitol sebacate (PDS), as reported in
Scheme 2. The resulting polymers were obtained as sticky,
viscous products. Both PDS and PMS were analyzed by means
of SEC to determine the molecular weight as well as by
MALDI-TOF to assess their structural features. Molecular
weight data are reported in Table 1, while MALDI-TOF ioniza-
tion pattern profiles are reported in Fig. 2 and 3. As the reac-
tion was carried out with an excess of i-PrMan and i-PrDul,
both PMS and PDS were yielded as OH-terminated species, as
demonstrated through MALDI-TOF analyses. MALDI-TOF and
SEC analyses showed consistent results with each other. In
particular, PMS was characterized by overall lower molecular

a1 ‘
Yo o
0, 0, OH
N\ oH \H\/\/ 1.41
. HO Y o I-PrDul2
—-0 O
4.08 5 n
i-PrDull
L s |
I k g o o I
\* } m‘ ‘ 8 I
g WA i AN

T T T T T
10 56 12 140 10 20 39 34

44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 0

Fig. 1 Expansion of the H NMR spectrum of i-PrDul in the
4.40-1.00 ppm region.
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Scheme 2 Polymerization reactions of i-PrMan and i-PrDul with sebacoyl chloride to yield PMS and PDS.

Table 1 Molecular weight data for PMS and PDS

Sample M,* (g mol™) M," (g mol ™) D* My” (g mol™)
PMS 2700 1000 6.6 2022
PDS 5300 5000 2.2 2455

“Determined by SEC against a PS calibration. ” Determined as the
main species in the MALDI-TOF distribution.

weight and high polydispersity, as highlighted by SEC ana-
lyses. This result is confirmed by the MALDI-TOF ionization
pattern profile that shows the presence of several different dis-
tributions, likely arising from the partial reaction of the acetal
side groups that results in the formation of branched polymers
with complex architectures and distributions.

The main species of the three main distributions are
reported in Fig. 2. On the other hand, PDS shows slightly
higher molecular weights and narrower dispersity. Once again,
the SEC results are confirmed by MALDI-TOF analyses, which
show a well-defined distribution belonging to a linear poly-
meric species, as highlighted in Fig. 3. The reason for the
different behavior of i-PrMan and i-PrDul may reside in their
different structures, with acetal moieties less sterically hin-
dered in the case of i-PrMan and easier to cleave.

*
m/z= 2075

miz=2177

ntens (o.u)

2054 95565

— 288501731

202472078

430

150443432

@

*

e e T MMMHMMﬂMLMMmMmM

00 200

Fig. 3 MALDI-TOF spectra of PDS, with tentative assignment of the
main species in the distribution.

The PMS- and PDS-based polyols were analysed by means
of "H NMR spectroscopy, and the related spectra are reported
in the ESL.{

Fig. 2 MALDI-TOF spectra of PMS, with tentative assignment of the main species in each distribution.

This journal is © The Royal Society of Chemistry 2024
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Scheme 3 Synthesis of PLA-PMS and PLA-PDS. The PLA-PMS structure has been simplified as linear.

Both these derivatives were built with the aim of using
them as initiators for the ring opening polymerization of
t-lactide. As the suggested structures in Fig. 2 and 3 show,
both PMS and PDS have multiple OH functionalities, which
could be exploited as initiators in the ring opening polymeriz-
ation (ROP) reaction. In the case of the PDS the expected reac-
tion outcome is a linear copolymer with a central PDS core
and two PLA-based chain ends. PMS is expected to yield a
more complex mixture of products with more complex archi-
tectures, given the higher amount of free -OH groups on each
chain. The reaction was carried out under solvent-free con-
ditions with Sn(Oct), as the catalyst. Relying on two different
loadings of PMS and PDS (5% and 10% w/w), four copolymers
were synthesized, based on a central PMS or PDS core and
PLA-based chain ends. The synthetic scheme is reported in
Scheme 3. As already mentioned, PLA-PMS derivatives are
likely characterized by complex architectures, but are simpli-
fied as linear structures in Scheme 3.

The molecular weights of the obtained copolymers were
compared with standard PLA and synthesized under the same
conditions (Table 2).

As the SEC data show, the molecular weight of the products
is directly related to the nature and amount of polyol loaded at
the beginning of the reaction. At a general level, as expected,
the higher the amount of polyol, the lower the molecular
weight of the final product. In addition, the molecular weight
of the products appeared to be affected by the nature of the
polyol. In this regard, the combination of lactide and PMS
resulted in lower molecular weight products, with significantly
higher polydispersity when compared to the PLA-PDS samples.

Table 2 Loading of PMS and PDS with related molecular weight

Loaded
Sample polyol (%w/w) ¢ (g mol™™) L (gmol™™")  Df
PLA 0 191 800 353 800 1.9
PLA-PDS5 57 81500 109 400 2.3
PLA-PDS10 10¢ 33900 51500 4.0
PLA-PMS5 5° 45 600 69 300 6.9
PLA-PMS10  10° 29 500 34500 6.0

“Referred to PDS. ” Referred to PMS. ° Determined by SEC against a PS
calibration.
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Also in this case the result was expected, as PMS polymer
was characterized by a lower molecular weight and higher poly-
dispersity when compared to PDS. Given the decrease of the
molecular weight of the copolymers with increasing concen-
trations of polyol, 10% was selected as the maximum amount
to be loaded.

From a chemical point of view, the differences between PDS
and PMS could likely arise from the different structures of
i-PrMan and i-PrDul, the latter having primary OH groups.

In order to confirm that PLA chains actually grew starting
from PDS and PMS polyols, DOSY spectra were recorded. Fig. 4
reports the DOSY spectra of PLA-PDS5 and PLA-PDS10, while
Fig. 5 reports the spectra of PLA-PMS5 and PLA-PMS10.

As Fig. 4 shows, both PLA-PDS5 and PLA-PDS10 were
characterized by a main distribution, highlighted with green
dots, alongside a secondary, lower molecular weight distri-
bution, highlighted with red boxes. The main distribution
includes signals of lactide-derived units, in blue, and signals
of PDS, in yellow. This observation suggests that PLA chains
were actually bonded to the PDS polyol as signals of both
species were characterized by a similar diffusion. Together
with the “main” PLA-PDS copolymer, both samples were also
characterized by the presence of lower diffusion signals and
therefore lower molecular weight species highlighted with red
boxes. The species were likely responsible for the increase in

e m*@

b)

®

vy M 40 o

~ifie

Fig. 4 DOSY spectra of (a) PLA-PDS5 and (b) PLA-PDS10. The main dis-
tribution is highlighted with green dots, while the secondary distribution
is highlighted with red boxes. Signals related to lactide-derived units in
the main distribution are highlighted in blue, while signals related to the
PDS-derived units are highlighted in yellow.
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Fig. 5 DOSY spectra of (a) PLA-PMS5 and (b) PLA-PMS10. The main dis-
tribution is highlighted with green dots, while the secondary distribution
is highlighted with red boxes. Signals related to lactide-derived units in
the main distribution are highlighted in blue, while signals related to the
PMS-derived units are highlighted in yellow.

the polydispersity of copolymers when compared to standard
PLA.

Similar observations can be made for the DOSY spectra of
PLA-PMS5 and PLA-PMS10, as reported in Fig. 5(a) and (b),
respectively. Both samples show a main distribution character-
ized by the signals of both lactide- and PMS-derived units,
alongside a lower molecular weight lactide-derived species.
Diffusion coefficients of the different species discussed are
reported in the ESI file.

Thermal analyses

DSC analyses were carried out on all copolymers and also on
the PLA sample for comparison. Glass transition (Tj), cold
crystallization (T¢c) and melting (Ty,) temperatures for each
sample are reported in Table 3. Fig. 6 shows the superimposed
second heating scan of the thermograms for each sample,
while the cooling scans are reported in the ESL.} As the
recorded thermograms show, the thermal properties of the
final products were affected by the nature and amount of the
loaded polyol.

The DSC results appeared to be strongly related to the
macrostructure of the products as hinted by both the molecular
weight data reported in Table 2 and the molecular architecture
shown by MALDI-TOF. In this regard, the lower molecular weight
coupled with higher polydispersity of the copolymers suggested
more complex and heterogeneous materials that, in turn, have
different thermal behaviours. As Fig. 6 shows, a PLA homopoly-
mer was characterised by well-defined thermal transitions. At a

Table 3 DSC data for PLA, PLA-PDS and PLA-PMS copolymers

Sample T, (°C) Tec (°C) Tw" (°C)
PLA 58 110 175
PLA-PDS5 54 114 170
PLA-PDS10 50 127 159
PLA-PMS5 53 130 162
PLA-PMS10 50 127 153

“Recorded during the second heating scan.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Second heating scans of thermograms of the PLA and PLA-PMS
and PLA-PMS copolymers.

general level, the addition of polyols resulted in a shift of the tran-
sitions, as well as a change in their profiles. Within this context,
PLA-PDS5 showed a shift of the cold crystallization peak at higher
temperatures, while the melting transition occurred at 5 °C lower
with respect to the standard PLA.

These observations, together with a slight decrease of the
glass transition temperatures, denounce a more amorphous
character. In addition, the melting peak showed a shoulder at
lower temperatures, possibly indicating the formation of a
more disordered crystalline phase, probably due to some kind
of polymorph. This hypothesis was confirmed by the
PLA-PDS10 thermogram, where all the transitions appeared to
be even more shifted when compared to both PLA and
PLA-PDS5 samples.

In this regard, when compared to PLA and PLA-PDS5, the
cold crystallization peak appeared to be broad and at higher
temperatures, while the melting occurred at lower tempera-
tures with a bimodal profile, as soon as cold crystallization
ended. Also in this case, the observed trend was consistent
with an increased structural disorder which makes the
material less prone to efficient crystallization.

The PMS-loaded samples showed a similar behaviour and
dependence on the amount of polyol. When compared to
PLA-PDS5, PLA-PMS5 showed a more amorphous character,
confirming the hypothesis of a material with less structural
order, as hinted by the high polydispersity detected through
SEC as well as the more complex structure shown by the
MALDI-TOF analysis of PMS. Finally, PLA-PMS10 appeared to
follow this trend as well, with the melting transition occurring
at the lowest temperature amongst the tested samples at
153 °C, while the cold crystallization at 127 °C with a very
broad peak as an indication of the limited tendency of the
material to arrange in an ordered crystalline pattern. Despite
being visible, the transitions were not well pronounced,
denouncing an overall highly amorphous character. The
reduced crystallinity of PMS-loaded copolymers can be attribu-
ted to the less ordered structures of the PMS cores when com-
pared to PDS. The latter, despite being characterized by
longer, flexible segments, presents a much more regular struc-
ture, likely resulting in a more efficient crystallization.

Polym. Chem., 2024, 15, 2081-2093 | 2087
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Deprotection

The presence of acetal moieties within the chains could be
exploited to influence the properties of the final materials. In
particular, a deprotection strategy was carried out in order to
release the -OH groups protected as acetals coming from
i-PrMan and i-PrDul. A deprotection reaction is reported in
Scheme 4. Despite being labile protecting groups under acidic
hydrolytic conditions, the acetal moieties in PLA-PMS and
PLA-PDS derivatives have also been removed through a
different experimental protocol based on the use of ZnBr,.
These conditions have been chosen here as they were reported
to be selective on the cleavage of acetal moieties, while preser-
ving other functionalities even in complex molecules. In the
specific case of PLA-PMS and PLA-PDS copolymers, acidic
hydrolytic conditions were discarded in order to avoid any
possible interaction with the ester bonds within the polyester
chains, likely resulting in a reduction of the molecular weight.
On the other hand, acetals can be cleaved with anhydrous
ZnBr,, while preserving other functional groups such as
esters.*®> The deprotected polymers were analysed through
FTIR in order to verify the occurrence of the deprotection. In
addition, "H NMR spectra were recorded to assess the de-
protection through the disappearance of the methyl signals of
the acetal moieties after the cleavage. The results are reported
in the ESL.f WCA measurements of all polymers were then
carried out, with the aim of determining whether this de-
protection strategy could be applied to tune the wettability pro-
perties of the materials.

Finally, SEM analyses were performed to investigate poss-
ible phase separation phenomena triggered by the significant
increase in polarity of the PMS and PDS segments after the
deprotection.

FTIR analyses of polymer surfaces

FTIR analyses were performed on all the materials before and
after the deprotection reaction to confirm the cleavage of the
acetal moieties and the release of the OH groups alongside the
PMS- and PDS-derived units. Fig. 7 reports the FTIR spectra of
all four copolymers before and after the deprotection reaction.
As the spectra show, all copolymers display a significant
increase of the broad band between 3600 and 3100 cm™" after

ZnBr,
DCM

PLAPDS

View Article Online
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the treatment with ZnBr,, denouncing an increase in the
amount of free OH groups. This result helped to assess the
occurrence of the deprotection reaction. This conclusion was
further confirmed by the shift of the band towards 3600 cm ™,
which can be related to free OH groups. Among all the
samples, PLA-PMS10 displays the smallest differences before
and after the deprotection. A possible explanation could come
from the uneven distribution of the phases, as highlighted in
the SEM images reported in Fig. 8. The extended phase separ-
ation resulted in the formation of different areas on the
surface of the materials, which could make the detection of
the unprotected regions less reliable.

Wettability of polymer surfaces

Water contact angle (WCA) measurements were carried out on
all polymers before and after the treatment with ZnBr,, and
the related results are reported in Table 4.

All protected copolymers showed a similar WCA when com-
pared to the standard PLA, hinting the possibility of exploiting
these materials in similar applications of the standard PLA,
especially when specific superficial features are needed such
as, for example, packaging applications. The copolymers
showed a significant increase of their wettability after treat-
ment with ZnBr,, as a consequence of the removal of the
acetal moieties. At the same time, the WCA of PLA remained
almost constant, showing that the treatment does not affect
the chemistry of the material and its surface properties.

The restoration of the free OH groups was targeted in order
to demonstrate the possibility of increasing the wettability of
the material on demand. As the results show, all copolymers
demonstrated a significant decrease of the WCA after the de-
protection, according to what was expected for a more hydro-
philic surface. The most significant decrease in WCA was
recorded for PDS copolymers. This observation can be attribu-
ted to the structural features of PLA-PDS copolymers as the
different structures of the repeating units could contribute to a
better accessibility of the OH groups by the water molecules
when compared to PMS-derived units. In addition, as reported
in Fig. 9, PLA-PDS10 showed phase separation phenomena
after the deprotection. The uneven surface could result in a
non-uniform behaviour and lower wettability when compared
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R
OJH,[OY\L)H
o
OH PLA-PMS_DEP
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Scheme 4 The deprotection reaction on the (a) PLA-PMS and (b) PLA-PDS copolymers. The PLA-PMS structure has been simplified as linear.
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Fig. 7 Superimposed FTIR spectra of the (a) PLA-PDS5, (b) PLA-PDS10, (c) PLA-PMS5 and (d) PLA-PMS10 copolymers before and after

deprotection.

Fig. 8 SEM micrographs of (a) PLA-PDSS5; (b) PLA-PDS10; (c) PLA-PDS5
after ZnBr, treatment; and (d) PLA-PDS10 after ZnBr, treatment, with
magnification.

to PLA-PDS5 despite the higher concentration of PDS-derived
units. As anticipated, PLA-PMS copolymers also showed an
increased wettability after the deprotection, but to a lesser
extent. As already discussed for PLA-PDS10, PLA-PMS10 was
also characterized by phase separation phenomena both
before and after the deprotection reaction.

This journal is © The Royal Society of Chemistry 2024

Table 4 Water contact angle data for all the synthesized polymers
before and after the treatment with ZnBr,

Sample Before ZnBr, treatment (°)  After ZnBr, treatment (°)
PLA 77 £3 70+£2
PLA-PDS5 87 +2 40 £ 4
PLA-PDS10 72+£3 44+ 6
PLA-PMS5 67 £2 58+4
PLA-PMS10 81+4 54+5

SEM images of the film surfaces

SEM analyses were performed in order to investigate surface
morphology and possible phase separation phenomena,
especially after deprotection, given the strong increase of
polarity of the PDS and PMS-derived units. Fig. 8 shows the
SEM micrographs of PLA-PDS copolymers before and after the
treatment with ZnBr,, while Fig. 9 shows the SEM micrographs
of PLA-PMS copolymers before and after the treatment with
ZnBr,.

Overall, all samples showed significant differences in their
appearance before and after the deprotection reaction.
PLA-PDS5 and PLA-PDS10 are reported in Fig. 8a and b,
respectively. The two samples show marked differences
between each other, with PLA-PDS5 being characterized by
better-defined spherulites as opposed to PLA-PDS10 displaying

Polym. Chem., 2024, 15, 2081-2093 | 2089
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Fig. 9 SEM micrographs of (a) PLA-PMSS5; (b) PLA-PMS10, with magnifi-
cation; (c) PLA-PMS5 after ZnBr, treatment; and (d) PLA-PMS10 after
ZnBr, treatment, with magnification.

a smoother surface. Neither of the two samples displays any
visible phase separation. As anticipated, both samples showed
significant differences after the treatment with ZnBr,. As
reported in Fig. 8c, PLA-PDSS5, after the deprotection, is charac-
terized by well-defined spherulites, with bigger sizes when
compared to the material before the deprotection. Again, no
phase separation was visualized. On the other hand, Fig. 8d
indicates that a possible phase separation takes place after the
deprotection of PLA-PDS10. Also in this case, the overall
appearance of the material changed significantly, with well-
defined observable spherulites after the deprotection, as
opposed to the flat and wuniform surface of pristine
PLA-PDS10. In addition, possible phase separation was
detected in the form of circular, dark areas highlighted in the
magnification. Most likely, these spots are attributable to the
increased polarity of the unprotected segments that may result
in a reduced interaction with the PLA backbone. EDX analyses
of the two areas are reported in the ESI,f showing their
different chemical compositions that would confirm this
hypothesis.

The PLA-PMS samples showed similar changes before and
after the deprotection. As shown in Fig. 9a and c, PLA-PMS5
exhibits well-defined, round-shaped spherulites that seem to
increase in dimensions after the deprotection, similar to what
was observed in the case of PLA-PDS5. Also in this case, the
low concentration of polyol appears to prevent phase separ-
ation phenomena even after the treatment with ZnBr,. On the
other hand, while PLA-PDS10 did not show signs of phase sep-
aration before the deprotection, possible phase-separated
areas are visible for PLA-PMS10 as shown in Fig. 9b with
related magnification. This hypothesis is confirmed by the
EDX analyses of the two areas, reported in the ESL{ and
showing different chemical compositions. This phenomenon
is even more evident after the deprotection as shown by the
round-shaped regions in Fig. 9d. As opposed to the other copo-
lymers, the crystallites of PLA-PMS10 appear to be less evident
after the deprotection, with the material characterized by a
smoothened surface.

2090 | Polym. Chem., 2024, 15, 2081-2093
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Degradation tests in water

Degradation tests in water were performed on the materials
under different conditions to determine whether the presence
of polyol segments could enhance their degradation rate. The
tests were carried out on PLA-PDS copolymers as they demon-
strated to be the most promising ones having higher molecular
weights and better thermal profile and wettability features
with respect to PLA-PMS copolymers. PLA was tested as well
under the same conditions, to serve as a reference.
Degradation behaviour was investigated in different water-
based solutions, namely acidic (pH = 4), basic (pH = 10) and
simulated marine. For comparison the degradation was also
performed in pure distilled water. The tests were carried out
with the protected copolymers; given that their overall behav-
iour was similar to that of the PLA used as a reference, a
different degradability could provide a significant step forward
in the sustainability of the materials especially when dealing
with the end of life management. The samples were treated for
30 days under the different conditions and analysed afterwards
by means of SEC analyses to determine if the presence of the
polyol-derived units can enhance the degradability of the
materials. Fig. 10a and b show the superimposed SEC curves
for PLA-PDS5 and PLA-PDS10, respectively, after exposure
under the different conditions. In the figures, the higher peak
in the “polymer” region of the chromatogram, ie. between
about 1500 and 2000 seconds was normalized and given 1.0 as
an absolute value. Magnifications of the low molecular weight
regions are also shown to highlight the possible differences in
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Fig. 10 (a) Superimposed SEC curves relative to PLA-PDS5 with mag-

nification of the 2250-2750 s range. (b) Superimposed SEC curves rela-
tive to PLA-PDS10 with magnification of the 2250-2750 s range.
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the distribution of the low molecular weight species that could
arise from the degradation.

As Fig. 10a shows, the SEC curves related to PLA-PDS5 have
similar profiles regarding the peak of the main polymeric
species. Even after treatment under different conditions no
significant differences are detectable, indicating that the main
polymeric species is not significantly affected under the tested
conditions. On the other hand, when looking at the low mole-
cular weight region more differences are visible. In particular,
while the samples treated under acidic, basic and distilled
water conditions display a similar profile, the sample treated
in marine water shows a higher amount of low molecular
weight species. However, the degradation seems to be limited
in extent as the main SEC peak is not significantly affected or
shifted, but still resulting in the formation of considerable
amount of low molecular weight species. This result is signifi-
cant, as standard PLA is known to be quite resistant to degra-
dation in marine water.

Fig. 10b shows the superimposed SEC curves related to
PLA-PDS10. As expected, the overall profile of the curve of the
polymer appears broader and more complex, in agreement
with what was discussed in the previous sections. Similar to
what was observed for PLA-PDS5, the profiles of the SEC
curves after aging in distilled water and pH = 10 did not show
significant differences with respect to the curve of pristine
PLA-PDS10. In this case, the samples treated in marine water
show a similar profile as well, indicating that only limited
degradation took place, if any. The biggest differences reside
in the sample degraded under acidic conditions. In this
regard, the SEC curve was characterized both by a shift of the
main peak towards longer retention times (i.e. lower molecular
weighs), as well as the formation of a consistent number of
low molecular weight species. These data show the occurrence
of degradation promoted by the acidic conditions. This result
is possibly connected to the labile nature of acetal moieties
under acidic conditions: if they are deprotected the wettability
of the material is increased and thereby its contact with the
acidic medium, which accelerates further hydrolysis. In
addition, the long aliphatic chains of the PDS units are likely
more susceptible to acid hydrolysis with respect to the lactide-
derived units.

In contrast to the copolymers, PLA showed no significant
degradation under neither of the tested conditions. These
results therefore appear particularly significant as different
concentrations of PDS units can be exploited to affect the
degradability of the materials under different conditions.

Conclusions

In conclusion, the possible applicability of mannitol and dulci-
tol as active monomers in the synthesis of aliphatic polyesters
was demonstrated. A one-step, high yield protection strategy
was put in place for obtainment of mannitol- and dulcitol-
derived bifunctional monomers. These were successfully
employed in the synthesis of sebacic-acid based polyesters,

This journal is © The Royal Society of Chemistry 2024
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resulting in the formation of OH-terminated polymers. These
polyols were exploited as initiators for the synthesis of PLA-
based copolymers. The materials, containing different
amounts of PMS and PDS, were fully characterized. The copoly-
mers with the lowest amounts of PDS and PMS showed similar
thermal properties to a standard PLA synthesized under the
same conditions. This observation hints a possible range of
applicability of these materials with respect to PLA.
Deprotection reactions were carried out to selectively cleave
the acetal moieties, which enabled tuning the wettability of
the materials: after the deprotection, the materials proved to
have more polar surfaces, despite some triggering of phase
separation phenomena when higher concentrations of PMS or
PDS were employed. Finally, the hydrolytic degradability of the
PLA-PDS copolymers was tested under different aqueous con-
ditions. PLA was included as a reference to point out possible
differences promoted by the dulcitol-derived units. The two
copolymers showed increased degradability under marine
water and acidic conditions, appearing as promising, more
degradable alternatives to PLA.
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