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A series of bio-based poly(lactide)-b-poly(1,3-trimethylene glycol)-b-poly(lactide) copolymers covering the whole range of

DOI: 10.1039/x0xx00000x

compositions was synthesized by ring-opening polymerization (ROP) of L- or D,L-lactide initiated by bio-based poly(1,3-

trimethylene glycol). The copolymers were obtiained by bulk polymerizations carried out at 180 °C, using stannous octoate

as the catalyst. The triblock structure was confirmed by both 'H NMR and SEC analyses. It was observed that molecular

weights increased while dispersities decreased with the increasing content of lactide units in the copolymer. Copolymers

prepared with L-lactide exhibited crystallinity with melting points and enthalpies increasing with the length of lactide blocks

in the copolymers. In contrast, copolymers based on rac-lactide were fully amorphous, regardless of composition. All

copolymers displayed a single glass transition temperature (Tg), which increased quasi-linearly with increased lactide

content, indicating good miscibility betwen polyether and polyester blocks. Furthermore, they demostrated thermal stability

up to aproximatelly 250 °C, and exhibited a two-step decomposition process, corresponding to the degradation of polyester

and polyether segments. Finaly, the amphiphilic nature of these copolymers was confirmed, as all of them were capable to

self-assemble in water, forming spherical nanoparticles with Z-average diameters ranging from 95 to 158 nm.

Introduction

In the global transition to achieve a sustainable and circular
economy, the introduction of innovative materials for
packaging and biomedical applications from bioresource stocks
is highly appreciated.’ Poly(trimethylene glycol) (PO3G,), for
instance, is a fully bio-based polyether obtained by
condensation of 1,3-propanediol (PDO), which is directly
produced from a fermentation glucose proccess.* >
Interestingly, the chemical structure of PO3G, resembles to that
of poly(ethylene glycol) (PEG) with one additional methylene in
the repeating unit. Typical molecular weights range from
approximately 250 to 2,700 g-mol? and dispersities between
1.5 and 2.0.° Thus, the polyol can serve as a promising
alternative to design novel polymer architectures. It has been
used for the synthesis of renewable elastomeric thermoplastics
polyesters,” polyamides® and polyurethanes.® °2 On the other
hand, in the biomedical field, the use of PEG in various
pharmaceutical formulations, including cosmetics and soaps,
among others, has been shown to induce the formation of anti-
PEG antibodies, which can reduce the efficacy of PEGylated
drugs.'®> % Therefore, its replacement with POsG, for the
different formulations could represent a promising alternative
approach, although a lower degree of hydrophilicity can be
expected. This polyol exhibits both lower critical solution
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temperature (LCST) and upper critical solution temperature
(UCST) in a range of temperatures between 30-80 °C, which can
be used for the preparation of thermosensitive nanomaterials.>
15

Poly(lactic acid) (PLA) is another interesting bio-based,
biodegradable and biocompatible aliphatic polymer, obtained
by ring-opening polymerization (ROP) of lactide (cyclic dimer of
lactic acid).1618 The crystallinity of this polyester can be tuned
by the enantiomeric composition of lactides used in the feed.'®
20 This polyester finds applications in the fields of packaging?! 22
and biomedicine.® 23

The integration of POsG,, and PLA presents a versatile platform
for the development of fully biobased polymers with finely
tunable properties. Owing to the presence of two terminal
hydroxyl groups, PO3G, can act as an efficient macroinitiator for
the ROP of lactide, leading to the formation of amphiphilic

copolymers capable of self-assembling in aqueous
environments.
This paper describes a protocol for the synthesis and

characterization of poly(lactide-b-polytrimethylene glycol-b-
lactide) triblock copolymers, abbreviated as PLA-b-PO3G,-b-
PLA,, through bulk ROP of either L- or rac-lactide covering a
wide range of compositions. The polymerization was initiated
by PO3G, macroinitiators of three different molecular weights
ranging from 500 g-mol! to 2,400 g-mol!. For each
macroinitiator three different triblock copolymers containing
either L-lactide or rac-lactide were produced varying the
PO3G,/lactide molar feed ratio. By precisely controlling the
copolymer architecture, including composition,
stereochemistry, and molecular weight, it was possible to
modulate key material attributes such as thermal properties
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and stability. Finally, and as a proof-of-concept, we explored the
ability of these copolymers to self-assemble in water using the
emulsion/solvent-evaporation method. The biomedical field
demands an expansion of available materials for drug delivery,
especially for addressing challenges for an efficient delivery of
therapeutic agents to the target site. PO3G,, for example, can
be an eco-friendly alternative to PEG, the gold-standard
polymer used in drug delivery due to its 'stealth' properties,
although already mentioned, it has proven to be less
immunologically inert than originally anticipated. 242>

This strategy paves the way for the design of high-performance,
sustainable materials tailored to meet the requirements of
advanced technological and biomedical applications.

Experimental

Materials

Poly(trimethylene glycol) (PO3G,, MW=500 g-mol?, 1,000 g-mol?
and 2,400 g-mol™) was gifted by Allessa GmbH (Frankfurt, Germany).
L/rac-lactide (>99.0%) was donated by Corbion (Amsterdam, The
Netherlands) and was stored in silica gel and vacuum at -10 °C prior
to use. Tin-2-ethylhexanoate (Sn(Oct), 92.5-100%) was acquired
from Sigma Aldrich and used as received. Poly(vinyl alcohol) (PVA,
Mw=3000 g-mol?, 88% hydrolysed) was obtained from Scientific
Polymer Products. Solvents, chloroform (CHCl;, >99.8%) and
dichloromethane (DCM, 299.8%), were used as received.

General methods

1H and 3C NMR spectra were recorded on a Bruker AMX-300
°C, operating at 300.1 and 75.5 MHz,
respectively. Compounds were dissolved in deuterated chloroform
(CDCl3) and spectra were internally referenced to tetramethylsilane

spectrometer at 25

(TMS). About 10 and 50 mg of sample in 1 mL of solvent were used
for H and 13C NMR, respectively. Sixty-four scans were recorded for
1H, and between 5,000 and 20,000 for 3C NMR.

Size exclusion chromatography (SEC). Molecular weights were
determined using chloroform as eluent in a Waters equipment
(Foster City, CA, USA), provided with RI and UV detectors and HR5E
and HR2 Waters linear Styragel columns (7.8 mm x 300 mm). Of the
sample 0.1 mL (0.1% injected and
chromatographed with a flow rate of 0.5 mL-min~. The molar mass

solution, w/v) was
averages and distributions were calibrated against PMMA standards.
Fourier transform infrared spectra (FT-IR) were acquired using a
Perkin-Elmer Frontier FT-IR spectrometer (Waltham, MA, USA),
provided with a universal-attenuated total reflectance (ATR)
accessory. Infrared spectra were recorded in the 4,000-650 cm™
range at a resolution of 4 cm™%, and 16 scans were collected.

The thermal behaviour of polymers was examined by differential
scanning calorimetry (DSC) using a Perkin-EImer DSC 8000 apparatus.
The thermograms were obtained from 4-6 mg samples at heating
and cooling rates of 10 °C-min under a nitrogen flow of 20 mL-min"
1, Indium and zinc were used as standards for temperature and
enthalpy calibration. The glass transition temperature (Tg) was
extracted from the inflection point of the heating traces recorded at

2| J. Name., 2012, 00, 1-3

20 °C'min! from melt-quenched samples, and vithe, .melting
temperature was taken as the maximum oPthelendotHerieOpeak
arising on the heating traces recorded from samples crystallized from
the melt.

Thermogravimetric analysis (TGA) was performed on a Mettler-
Toledo TGA/DSC 1 Star System under a nitrogen flow of 20 mL-min!
at a heating rate of 10 °C-min* and within a temperature range of 30-
600 °C.

Dynamic light scattering (DLS) measurements used for particle
hydrodynamic size and -potential determinations were performed
with the Malvern Nano ZS instrument equipped with a 4 mW He-Ne
laser operated at 632.8 nm. Particles were suspended in deionized
water at 25 °C and placed in glass cuvettes. The non-invasive back-
scatter optic arrangement was used in order to collect the light
scattered by particles at an angle of 173°.

Scanning electron microscopy (SEM) images were taken with a field-
JEOL JSM-7001F (JEOL,
platinum/palladium coated samples.

emission Tokyo, Japan) from
Different dilutions were
essayed to observe free individual nanoparticles. Images were edited
using the ImageJ software.

Synthesis of PLA,,-PO3G,-PLA,, triblock copolymers
Poly(L-lactide)m-b-poly(trimethylene glycol),-b-poly(L-lactide)m
(PLLAm-b-PO3G-b-PLLAR). As an example, for the synthesis of PLLAg,-
b-PO3Ga1-b-PLLAs; triblock copolymer with a [PO3G]:[L-LA] = [1]:[4]
feed molar ratio, in a 25 mL three-necked, round-bottom flask
equipped with a mechanical stirrer, a nitrogen inlet and a vacuum
distillation outlet, PO3G,4; (MW=2400, 0.5 g, 8.6 mmol of repeating
units) and L-lactide (2.48 g, 17.2 mmol) were added. The flask was
then immersed in an oil bath under a N, atmosphere for 5 min for
purging the reaction system. Subsequently, the flask was heated to
120 °C and kept under vacuum for 5 additional min. Thereafter, the
reaction flask was further heated to 180 °C, and polymerization
began after the addition of Sn(Oct), (1.2 mg, 3.06 umol, 0.05% by
weight relative to L-lactide) from a stock solution in chloroform. The
reaction flask was left under stirring for ~1.5 h until L-lactide was fully
consumed, as monitored by *H NMR. The mixture was then dissolved
in DCM and precipitated into an excess of hexane. The copolymer
was recovered as a white powder. Prior to characterization, the
copolymer was dried at 50 °C under vacuum.
PLLAg,-b-PO3Gy1-b-PLLAg;: *H NMR (300 MHz, CDCls, 8, ppm): 5.17
(q), 4.35 (q), 4.23 (m), 3.48 (t), 1.82 (qu), 1.58 (d). 3C NMR (75.5 MHz,
CDCls, 8, ppm): 169.5, 69.0, 67.8, 66.8, 30.1, 16.6.
PLLAM-b-PO3Gg-b-PLLA, PLLA-b-PO3Gy7-b-PLLA,,  triblock
copolymers. The synthesis of these copolymers was carried out in a

and

similar fashion using the procedure described for the PLLAn-b-
PO3Gg;-b-PLLA, copolymers using PO3G, macroinitiators having
MW=500 and 1000 g-mol~, respectively.
Poly(rac-lactide)m-b-poly(trimethylene  glycol),-b-poly(rac-lactide)n,
(PrLAy-b-PO3Gnh-b-PrLA,) copolymers were obtained using the same
procedure using rac-lactide (a mixture 50:50 of D-:L-lactide) instead
of L-Lactide and PO3G, macroinitiators having MW=500 and 1000
and 2400 g-mol™.

This journal is © The Royal Society of Chemistry 20xx
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Some copolymers were recovered either as a white powder or as a
viscous oil, depending on the length of the macroinitiator used or the
enantiomeric composition of the lactide used in the synthesis.
Preparation of nanoparticles

Nanoparticles were prepared using the oil-in-water single emulsion
technique with minor modifications. Specifically, 10 mg of the PLA-
b-PO3Gn-b-PLA, triblock copolymer were dissolved in 2 mL of DCM
and the solution was added to 10 mL of 1% (w/w) PVA aqueous
solution. The mixture was sonicated using a Hielscher Ultrasonic
UP200St (E=3,200 J, c¢=100, A=20%) to vyield a
homogeneous oil-in-water emulsion. This emulsion was immediately
poured into 10 mL of the 0.3% w/w PVA solution, and the mixture

Processor

was magnetically stirred in an open beaker at room temperature for
3 h. The nanoparticles formed during the gradual evaporation of
DCM. For SEM analysis, nanoparticles were collected by
centrifugation at 9,500 r.p.m. for 15 min and washed three times
with distilled water to remove the PVA emulsifier.

Results and discussion

The synthetic route for the synthesis of PLA,-b-PO3Gn-b-PLA,
triblock copolymers using Sn(Oct); as catalyst is shown in Scheme 1.
Three PO3G, macroinitiators were used differing in the molecular
weights. For each macroinitiator three series of triblock copolymers
containing L- or rac-lactide were obtained varying the PO3G,/lactide
ratios. The results of these syntheses including molar feed ratio,
compositions and molecular weights for the whole library of
copolymers are collected in Table 1. PO3G, macroinitiator displays
two hydroxyl-end groups, which can trigger the ROP of cyclic esters,
e.g., L/rac-lactide, when assisted by a suitable catalyst.

We selected Sn(Oct), because this catalyst is approved by the FDA for
use in food and medical applications and for its high activity in the
synthesis of PLA.1” The reaction took place in bulk at 180 °C and was
easily followed by 'H NMR as the methine signals from the lactide
monomer (CH, 5.03 ppm) and polymer (CH, 5.17 ppm) appeared

a)
o OH
H‘(’ \/\4); + 0. .0
My, = 500; 1,000; 2,400 g-mol-! b) + I :/E
PO3G, R
rac-lactide
bulk
Sn(Oct: | 4g00¢, 1.5 h
H\(‘OJW;O*/\/O‘);&H\O%;H
le} (0}

"N

PLA-b-PO3G,-b-PLA,

Scheme 1 Synthetic pathway for the preparation of bio-based
poly(ether-ester)s triblock copolymers from PO3G, and a) L-
lactide or b) rac-lactide.

This journal is © The Royal Society of Chemistry 20xx
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well-resolved (Figure 1a and Figure S1 of electronjc supporting
information (ESI)). By comparing both sigialslO0it03/Bossilect6
quantify the unreacted monomer. We first explored the evolution of
the ROP of L-lactide initiated by PO3Ggs; (M,=2,400 g-mol?) (Figure
1b). A burst in the early stage of the ROP is observed, with 91% of L-
lactide reacting after 30 min. Subsequently, the polymerization
proceeded steadily until the equilibrium was reached and
approximately 96% of the monomer was consumed in nearly 1.5 h.
Three different concentrations of Sn(Oct), catalyst were tested, and
based on both the conversion over time results and the catalyst
amount (Figure 1b), the intermediate concentration (0.05% by
weight of lactide) was ultimately selected. The ROP of L-lactide
proceeded satisfactorily in a relative short time; nonetheless, species
other than the selected macroinitiator, i.e., water, can indeed
interfere in the polymerization and parallelly compete for a site in
the final polymer architecture. As we will show later, this side
reaction was not observed during the synthesis of these copolymers,
as the ratio of reacted macroinitiator end groups to triblock

copolymer end groups was close to one.

a) °
o-_P
,}‘JMA i Mo
W‘)b“ LA Juh
WV{M J1 Mt
o "
m
O. (o]
(o] O o
T T T T O A A R T O B B
5.0 45 4.0 35 3.0
Chemical Shift (ppm)
b)
~100+4 e A —— — e — = — —
S P AERRE SEEEE
v
g 80| . i
e ’ rd
§ ’ Pae
3, 604 « o
Y 1 7
(o) -
c / -
& 4041 oW
® ! < = 0.01% Sn(Oct),
2 ool L g ® 0.05% Sn(Oct),
7~
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(@] -
0 T T T T
0,0 0,5 1,0 1,5 2,0

Time (hours)
Figure 1 (a) *H-NMR (CDCl3) spectra of the PLLA,1-b-PO3Gy1-b-
PLLA;1 copolymer at different reaction times using 0.05%
Sn(Oct), catalyst and, (b) conversion of L-lactide in the ROP
initiated by the PO3G,; macroinitiator at different catalyst
concentrations.
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Table 1 ROP of L/rac-lactide initiated by PO3G, macroinitiator mediated by Sn(Oct), catalyst (0.05% w/w).

Entry  Macroinitiator Copolymer? Feed® Experimental® SEC
[PO3G,]/[PLA] [PO3G,]/[PLA] M, M, My, D
(g'mol?) (g'mol™?)  (g'mol™)

1 PO3Gy 560 1,030 1,690 1.7
2 PLLA45-b-PO3Gg-b-PLLA, 5 50/50 56/44 1,030 1,680 2,260 1.4
3 PLLA9-b-PO3Gg-b-PLLAg 33/67 38/62 1,560 2,540 3,230 13
4 PLLA1g-b-PO3Go-b-PLLA g 20/80 22/78 2,730 4,630 5,510 1.2
5 PrLA45-b-PO3Gg-b-PrLA, s 50/50 57/43 920 1,670 2,230 1.3
6 PrLAg-b-PO3Gg-b-PrLAg 33/67 38/62 1,650 2,510 3,130 1.3
7 PrLA1g-b-PO3Gg-b-PrLA;g 20/80 22/78 2,930 4,430 5,380 1.2
8 PO3Gyy 1,140 1,690 3,530 2.1
9 PLLAg s-b-PO3G17-b-PLLAg 5 50/50 61/39 2,050 2,440 4,360 1.8
10 PLLA17-b-PO3G17-b-PLLA7 25/75 39/61 3,900 5,530 6,805 1.2
11 PLLA34-b-PO3G17-b-PLLA34 20/80 22/78 6,030 10,010 11,770 1.2
12 PrLAgs-b-PO3Gy7-b-PrLAgs 50/50 58/42 2,290 3,740 5,280 1.4
13 PrLA17-b-PO3G17-b-PrLA:7 33/67 37/63 3,830 5,660 7,120 13
14 PrLAz4-b-PO3G17-b-PrLAsz, 20/80 22/78 5,230 7,760 9,510 1.2
15 PO3Ga; 2,510 4,490 9,270 2.1
16 PLLA;1-b-PO3Gy41-b-PLLA; 50/50 59/41 3,920 7,880 11,150 1.4
17 PLLA41-b-PO3G4;1-b-PLLA4; 33/67 43/57 5,240 9,230 12,410 1.3
18 PLLAg:-b-PO3Ga1-b-PLLAg, 20/80 23/77 11,710 19,030 23,080 1.2
19 PrLA;1-b-PO3Gg1-b-PrLA;; 50/50 61/39 3,850 6,830 10,250 1.5
20 PrLA41-b-PO3Gy41-b-PrLA4 33/67 45/55 5,070 7,760 11,050 1.4
21 PrLAg,-b-PO3Gy1-b-PrLAg, 20/80 22/78 13,830 16,730 21,600 13

2Subscripts correspond to the degree of polymerization (DP) of each block used in the feed. ® Molar feed ratio of PO3G, and PLA repeating
units. ¢ Experimental composition and M,, calculated from OCH/OCH, signals and end groups analysis, respectively by 'H NMR.

After purification, we took samples of the PO3G,, macroinitiator and
their block copolymers, to determine the molecular weights
distributions (MWDs) by SEC analysis. Table 1 collects the SEC data
for the macroinitiators and triblock copolymers. As expected, triblock
copolymers displayed higher molecular weights than their respective
macroinitiators, and increased with the content of lactide in the
copolymers. The dispersity (P) of the PO3G, macroinitiators ranged
from 1.7 to 2.1. On the other hand, in all series, ® was observed to
decrease as the molecular weight or the content of lactide units in
the copolymer increased. B of 1.2-1.3 were obtained for the
copolymers with higher content of lactide. Monomodal and narrow
MWDs were obtained,
polymerization (Figure 2). The results suggest that Sn(Oct), serves as
an efficient catalyst for the ROP of lactide, initiated by the
macroinitiator, with significantly
transesterification. Thus, SEC traces provided evidence that the -OH
end groups in PO3G, were the sole species that initiated the ROP of

indicating excellent control over the

reduced interchain

lactide. The constitution and composition of the copoly(ether-ester)s
were ascertained by 'H and 3C NMR spectroscopy, which clearly
discriminates between methylene and methine protons from PO3G,
and L-lactide units, respectively. As an example, Figure 3 shows
representative NMR spectra recorded for the PLLAg-b-PO3Gy;-b-
PLLAg; copolymer. Compositions were determined by integration of
the CH signal of lactide units (signal c) and the first methylene
protons of PO3Gy, units (signal e). The composition for all series were
close to those of PO3G, and L-lactide used in the feed and exhibit

4| J. Name., 2012, 00, 1-3

acceptable consistency, with small deviations due to partial
volatilization of lactide during ROP. On the other hand, the signal
corresponding to the methylene protons of PO3G, attached to the
first lactide unit (signal d), which appeared as a multiplet, showed an
integral twice that of the CHOH end groups (signal b). This further

PrLAg,-b-PO3G,-b-PrLAg,

PrLA,,-b-PO3G, -b-PrLA,,
PrLA,,-b-PO3G, -b-PrLA,,

PO3G,,

T T 1

14 15 16 17 18 19
Retention time (min)

RI (mV)

Figure 2 SEC traces of PO3G,4; macroinitiator and the PLA-
b-P0O3Ga1-b-PLA triblock cobolvmers.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 (a)'H- and (b) *3C-NMR spectrum in CDClz of PLLAg;-b-PO3G41-PLLAg, copolymer

confirmed the triblock structure of the copolymers and the absence
of any PLA chains initiated by other species, such as water. Spectra
recorded for PrLAgy-b-PO3Gai-b-PrLAg; and two selected PLLAm-b-
PO3Gy;-b-PLLAM and PrLAm-b-PO3Gai-b-PrLAn, series can be found in
Figures $2-S6 of the ESI. The spectra of triblock copolymers obtained
using rac-lactide instead of L-lactide showed broader signals in the 'H
NMR and splitting in the *C NMR peaks due to the presence of
different stereosequences in the PLA blocks (Figure S2).2¢

In addition, FT-IR further corroborated the chemical structure of the
obtained copolymers (Figure 4). The infrared spectrum of PO3Ga;
displayed a strong absorption band at 1,102 cm™, corresponding to
the C—0—-C asymmetric stretching vibration of the ether groups. The
incorporation of lactide units at the end groups of PO3G, to form the

PO3G,,

YcHz
PLLA,,-b-PO3G,;-b-PLLA,,

PLLA,,-b-PO3G,-b-PLLA,,

PLLAG,-b-PO3G, ,-b-PLLA,

W
UCH, CH2, CH3

Transmittance (%)

§CH3, CH2

Ye=0

Yoc-o || Uc.oc

T T T T T T
1800 1600 1400 1200 1000 800

Wavenumber (cm™)

)
T %
4000 3000 2000

Figure 4 FT-IR spectra of PO3Gy; macroinitiator and PLLA-b-
PO3Ga;1-b-PLLAR triblock copolymers.

This journal is © The Royal Society of Chemistry 20xx

triblock copolymer was confirmed by the presence of the C=0
carbonyl band at 1,751 cm™ and the C(=0)-0O stretching band at
1,181 cm™, which are characteristics of the ester groups of the
lactide units. These absorptions increased in intensity as the lactide
content increased in the PLLA-b-PO3Gy1-b-PLLA, copolymer series.
Furthermore, signals attributed to CH, stretching (2,859 cm™)
decreased, while those related to CHs bending (1,453 cm™)
increased, as the copolymer was enriched in lactide units.

Thermal properties of triblock copolymers

To investigate the thermal stability and transitions of these
copolymers, TGA and DSC analyses were performed. The data
collected by these analyses for each series of PLA,-b-PO3G,-b-PLA,
triblock copolymers, as well as for the PO3G, macroinitiators, are
displayed in Table 2. The TGA traces recorded for the PLA,-b-PO3Gy;-
b-PLA, series and their derivatives curves are shown in Figure 5. For
the rest of the series, both TGA traces and derivatives curves are
accessible in Figures S7 and S8 of the ESI File. The onset temperature
(°T4) of PO3Gy; decreased in the copolymers as polylactide blocks
were incorporated at its ends; in contrast, the derivative curve splits
into two main events: the maximum decomposition rate (M**Ty)
exhibited two maxima at temperatures close to their parent
polymers: the former found in the 273-289 °C range, that was
ascribed to the degradation of PLA blocks, and the latter ranging
from 408-428 °C, attributed to the degradation of the more thermally
stable PO3Gy; block. It is noteworthy to highlight that there was no
more than 1% residue left at temperatures far from 450 °C, and in
several cases, there was no residue at all.
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Table 2 Thermal properties of the PLAn-b-PO3G,-b-PLA, triblock copolymers.

Polymer TGA?® DSCP
Cooling Second heating
°Tq maxTy Rw [PO3G]/ Ty Te AH, Tece AHc Tm AHn
Q) Q) (%)  [PLA] (°Q) (°9 (-gh S (-gh (c)  (egh
PO3Gy 248 398 0 100/0 -82 - - -40 -60 10 70
PLLA45-b-PO3Gg-b-PLLA, 5 247  282/410 1 42/58 -41 - - - - - -
PLLAo-b-PO3Gg-b-PLLAg 250 281/408 0 25/75 -11 - - - - - -
PLLA;5-b-PO3Ggy-b-PLLAg 246 273/391 1 13/87 15 - - 80 -9 107 13
PrLA,s-b-PO3Gg-b-PrLA, s 261  282/404 1 45/55 -43 - - - - - -
PrLAg-b-PO3Go-b-PrLAg 273  301/401 1 25/75 -17 - - - - - -
PrLA15-b-PO3Gg-b-PrLA;g 260 289/395 1 14/86 8 - - - - - -
PO3Gy; 335 410 1 100/0 -77 - - -40 -64 13 93
PLLAg 5-b-PO3G17-b-PLLAg 5 246 269/425 1 49/51 -44 - - - - - -
PLLA;7-b-PO3G;7-b-PLLA;7 238  286/417 0 32/68 -6 - - 33/68 -11/-15 100 15
PLLA34-b-PO3G17-b-PLLA3, 247  270/411 0 18/82 26 94 -36 - - 144 38
PfLAg_s-b-PO3Gl7-b-PfLA8_5 242 266/424 1 49/51 -41 - - - - - -
PrLA17-b-PO3G;7-b-PrLA;7 246 268/407 2 31/69 -13 - - - - - -
PrLA34-b-PO3G;7-b-PrLAsz, 246 268/407 1 19/81 12 - - - - - -
PO3Gy; 306 381 0 100/0 -75 - - -40 -57 17 80
PLLA;1-b-PO3G41-b-PLLA;; 261  273/428 0 51/49 -33 57/23 -7/-2 65 -3 100 4
PLLA41-b-PO3G41-b-PLLA,; 272 289/428 0 37/63 -14 77 -26 - - 126 26
PLLAg,-b-PO3Gy;-b-PLLAS, 252 275/408 0 18/82 32 95 -36 - - 156 41
PrLA;1-b-PO3Gy;1-b-PrLAy; 241  254/428 0 54/46 -49 - - - - - -
PrLA41-b-PO3Gg;1-b-PrLA4; 251 286/408 1 38/62 -16 - - - - - -
PrLAg;-b-PO3Gg;-b-PrLAs, 260 315/412 1 18/82 26 - - - - - -
PLLAgs 255 338 0 100/0 47 101 -40 88 -10 152 47
PrLAgs 287 354 0 100/0 43 - - - - - -

@ Onset temperature for 10% of weight loss (°Ty), maximum rate (™**T4) decomposition temperatures and remaining weight (R,) and weight-
% composition ([PO3G]/[PLA]) after heating at 600 °C.  Glass transition (T), crystallization (T, and AH.) and melting (T, and AH,,)

temperatures and enthalpies measured by DSC.

Minor differences in the thermal analysis were observed for the
PLAW-b-PO3Gy-b-PLA, and PLAn-b-PO3G17-b-PLAM with
deviations hardly surpassing 10% in some cases (Figures S7 and S8 of
the ESI). The TGA analysis,
information on the chemical constitution. Since the derivative curve

series,

additionally, provided valuable

a) ——PO3G,,
—— PLLA,,-b-PO3G,-b-PLLA,,
100 - = PLLA,-b-PO3G, -b-PLLA,,
904 N\ PLLAg,-b-PO3G,-b-PLLA,
80- —— PALA,-b-PO3G,,-b-PLA,,
S — = PLA,-b-PO3G,,-b-PrLA,,
£ 01 e PrLAG,-b-PO3G,-b-PrLA,,
S 60-
z
2 50+
=
< 40
=
@ 30-
20+
10+
0 R

300 400 500 600

Temperature (°C)

100 200

exhibited two well-defined and resolved decomposition steps, the
composition of each copolymer could be ascertained by integration
of these curves. Figure 5b, for instance, displays the derivative curve
of the PLLA;1-b-PO3Ga;-b-PLLA;; copolymer: the areas under each
curve reveal direct composition by weight of the copolymers. The

b)

0,01

PO3G
Area=-50,28

PLA
Area=-49,08

.0’5_

1,01

.1,5_

Derivative remaining weight (%-°C"")

2,04

300 400 500 600

Temperature (°C)

100 200

Figure 5 (a) TGA traces of the PO3Gy; and PLAy-b-PO3Gy;-b-PLA,, copolymers and (b) derivative curve of the PLLA;1-b-PO3Gy;-b-PLLA;

copolymer
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Figure 6 (a) DSC second heating and cooling traces of the PLAy-b-PO3Ga1-b-PLA, triblock copolymers, and (b) T, vs molar composition

of PLA,-b-PO3Gy1-b-PLA, copolymers.

extracted values for each series (Table 2) are close with small
variations to those obtained by 'H NMR (Table 1). To explore the
influence of copolymer composition on crystallinity and melting
temperatures, DSC was used to investigate their thermal behavior. In
Figure 6a, we present a comparative view of the recorded DSC traces
from cooling scans and second heating for the PLLA-b-PO3Gy;-b-
PLLA, and PrLAn-b-PO3Gg41-b-PrLA, copolymer series as well as their
parent macroinitiator. PO3Gg; displays an endothermic peak at 17 °C
due to the melting process of the macroinitiator crystalline domains
after a cold crystallization process that was observed to happen at -
40 °C.
crystallization of the inner macroinitiator was observed. This
phenomenon can be attributed to the PLA segments attached to the
end PO3G, end groups that restrict the chain mobility. 272 On the
other hand, there was a clear trend in the melting process attributed
to the PLA segments, situated in the 95-155 °C range. As the
composition or the length of the L-lactide blocks in the copolymers

On all copolymer series, no peak due to melting or

increase, the melting temperature shifts to that of the one observed
for its parent homopolymer, i.e., PLLAgs. This shift toward higher
temperatures, approaching to the melting point of PLLA, is directly
correlated with the degree of polymerization (DP) of the lactide
blocks. In other words, as the DP of the PLA segments increases, the
melting temperature of the copolymers also rises. This behavior can
be attributed to an increase in lamellar thickness, as longer chains
are capable of forming more stable and thicker crystalline lamellae.
When the copolymers are cooled from the melt, a crystallization
event appears and follows a similar trend as the copolymer
composition changes. As it was expected, PrLAy-b-PO3Ga1-b-PrLAn,
copolymers did not exhibit any (endo/exo) thermic peak. Similar
behavior was observed for the PLA,-b-PO3Go/34-b-PLA, copolymers,
whose thermograms are accessible in Figures $9-S11 of the ESl file.

All of the copolymers exhibited a single, second-order glass transition
temperature (Tg), which increased almost linearly with the lactide
content in all the series of copolymers studied. Figure 6b shows the
Tg versus composition for the PLAm-b-PO3Gai-b-PLA, series. As
illustrated, the copolymer Ty values fall between —49 °C and 32 °C,

This journal is © The Royal Society of Chemistry 20xx

intermediate to those of PO3G4; and PLAgs homopolymers (Figure
S12), confirming the full miscibility between the PLA and PO3G,
blocks.102°

Self-assembling in aqueous media

In the search for innovative nanomaterials, we explored the ability of
the PLAL-b-PO3G,-b-PLA,, amphiphilic triblock copolymers to self-
assemble in water. We used the well-established emulsion-
evaporation method for obtaining the nanoparticles due to the good
solubility of copolymers in DCM,3% 3! enabling the fabrication of a
library of nanomaterials. As representative examples, Table 3 collects
sizes, polydispersity indexes (PDI’s) and zeta potentials () acquired
by DLS measurements for the PLAy,-b-PO3Gg;i-b-PLA,, copolymer
series. Unimodal distributions evidenced the occurrence of a self-
assembling event, while Z-average diameters oscillating between 95
and 171 nm and narrow PDI’s, confirmed the presence of nanometric
aggregates (Figure 7a-c). The correlation coefficients, whose values

were close to 1 (inset in DLS profiles), strengthened the reliability and

Table 3 Z-average diameter (nm), PDI and zeta potential () of the

nanoparticles obtained from PLAyL-b-PO3Ga;-b-PLA,,  triblock
copolymers.
Copolymer Size PDI C
(nm) (mV)
PLLA;1-b-PO3Gy1-b-PLLA,; 171 0.09 -5
PLLA41-b-PO3Gy41-b-PLLA4; 170 0.08 -9
PLLAg>-b-PO3G41-b-PLLAg; 124 0.12 -4
PrLA21-b-PO3G41-b-PFLA21 104 0.17 -10
PI’LA41-b-PO3G41-b-PfLA41 95 0.24 -8
PrLAg>-b-PO3Ga1-b-PrLAs; 109 0.13 -9

J. Name., 2013, 00, 1-3 | 7
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Figure 7 (Top) DLS profiles (inset: correlation coefficient) and (bottom) SEM images of (a) PrLAg,-b-PO3Gy;1-b-PrLAg; (b) PrLA41-b-PO3G41-b-
PrLA4; and (c) PLLA21-b-PO3Ga1-b-PLLA,; triblock copolymers. Scale bar = 500 nm.

quality of the DLS data. Interestingly, NPs from PrLA.,-b-PO3Gg;-b-
PrLAn copolymers displayed smaller sizes than PLLAn-b-PO3Ga;-b-
PLLAm, a fact that could be a direct consequence of the amorphous
or semicrystalline structure adopted by the hydrophobic core in the
nanoparticle. The amorphous PLA blocks can pack more efficiently
than semicrystalline blocks in core of the nanoparticle allowing the
nanoparticle self-assemble with reduced dimensions. 32 DSC scans of
two types of selected nanoparticles revealed two key observations
(Figure S13 of ESI). First, the T of the self-assembled nanoparticles
were found to be 23 and 26 °C higher than that of the corresponding
bulk materials. This suggests that during the self-assembly process,
the PLA and POsGn blocks rearrange according to their affinity for
water, forming a core—shell nanostructure with well-defined
nanoscale phase segregation. Second, the Ty of nanoparticles derived
from rac-lactide showed enthalpic relaxation phenomena, indicating
efficient packing and compaction of the amorphous chains. In all
cases, nanoparticles displayed negative zeta potentials, with values
hardly distant between them across the entire series. DLS data for
the PLAL-b-PO3Go/17-b-PLA, series can be found in Table S1 of the
ESI file. Z-average diameters between 102 and 158 nm and negative
z-potentials ranging from -4 to -20 were obtained for the PLAy-b-
PO3Gy-b-PLA, copolymers. The PLA,-b-PO3Gy7-b-PLA,, exhibited z-
average diameters of 115-144 nm with negative z-potentials in the -
2 to -20 range. To further comprehend the adopted morphology of
these nanoaggregates, SEM shed light on their shape. Illustrative
images from selected copolymers are shown in Figure 7, bottom. To
our delight, we observed well-delineated-spherical nanoobjects,
which sizes matched in good consistency to those obtained by DLS.

8| J. Name., 2012, 00, 1-3

Conclusions

A bio-based polyol derived from 1,3-propanediol was employed to
prepare triblock copoly(ether-ester)s. The two hydroxyl end groups
of the PO3G, polyol serve as efficient initiators for the ROP of L-
lactide or rac-lactide. Using solventless ROP, we generated a library
of BAB-type copolymers with predictable degrees of polymerization,
tuned by varying the

analysis showed these

readily
ratio. Thermal

whose compositions
[PO3G]/[lactide] feed
copolymers to be stable up to approximately 250 °C, undergoing

were

decomposition in a two-step process. Crystallinity could be adjusted
by selecting the lactide stereochemistry and tailoring the triblock
composition. Since PLA and PO3G, segments are fully miscible, the
glass transition temperature (Tg) of the entire series can be
modulated simply by altering the [PO3G]/[lactide] ratio, enabling
precise control over material properties. These novel, fully bio-based
polymers exhibit pseudo-amphiphilic behaviour in aqueous solution.
As a proof-of-concept, dynamic light scattering (DLS) and scanning
electron microscopy (SEM) confirmed that the poly(ether-ester)
copolymers self-assembled into nanometric particles in water. We
anticipate that this protocol will pave the way for designing
innovative nanodevices that could be used for biomedical
applications via ROP of different cyclic esters using PO3G, as
macroinitiator.
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