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ABSTRACT: Biodegradability is one of the key features for
reducing the negative environmental impact of plastic waste
disposal; therefore, designing biocompatible polymeric biomaterials
with programmable life cycles is urgently needed. Herein, deep
eutectic solvent monomers (DESm) composed of L-lactide and
various lactones of different molecular weights were formulated to
obtain polyesters at low temperatures with the aid of organo-
catalysts and under solventless conditions. The introduced DESm
expand the range of eutectic mixtures capable of undergoing ring-
opening polymerization (ROP) to include mixtures of L-lactide
with d-valerolactone and §-hexalactone. Extending the toolbox for
DESm preparation will allow for the design of polyesters with
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tailored molecular weight and crystallinity, which are conducive to programmable degradability. ROP of DESm carried out at low
temperatures and under solventless conditions holds promise for a sustainable framework for preparing biodegradable polymers for

biomedical applications.

KEYWORDS: ring opening polymerization, deep eutectic solvent monomers: valerolactone, lactide, polyesters

1. INTRODUCTION

Poly(r-lactide) (PLLA) has been extensively studied in recent
years due to its wide range of applications as the main
component of polymeric materials in packing, pharmaceutical,
and medical fields." PLLA can be produced from renewable
resources and stands out as a greener alternative to replace
conventional petroleum-based polymers because of its
biocompatibility and biodegradability. However, one of its
main drawbacks is its brittleness, which limits its applications
in areas where further processing and flexibility are needed.
One strategy to improve its mechanical properties is to blend
or copolymerize it with polyesters such as polylactones.”™*

Polylactones are biodegradable and biocompatible polyesters
used in biomedicine and are usually obtained from monomers
such as e-caprolactone (CL), §-valerolactone (VAL), &-
decalactone (DCL), and dodecalactone (DOCL).””* Strat-
egies for coupling the properties of PLLA with polycapro-
lactone (PCL) are currently the subject of intense research.”
For instance, blending or copolymerizing PCL with PLLA to
improve the strength and elongation properties of the resulting
polymers without loss in biodegradability has been previously
reported.”

PLLA and polylactones are predominantly synthesized
through ring-opening polymerization (ROP) of lactide and
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lactones, respectively. Compared to other methods of
polymerization, ROP allows higher molecular weights and
lower dispersity of the polymers, which are essential character-
istics that define their performance for specific applications. In
addition to controlling its molecular weight, the degradation of
PLLA can be tuned by modifying the aggregate structure,
crystallinity, and external factors in the media, such as the pH
or the use of enzymes.® PLLA and polylactones are industrially
produced at high temperatures,”'" and organic solvents are
used occasionally,' although polymerization in bulk is
preferred for its economy and sustainability.'' There has
been deep concern with regard to the use of organic solvents
because of their toxicity and negative environmental effects as
many of them are volatile."'> Similarly, tin metal catalysts
approved by the FDA are typically used in PLLA and
polylactone polymerization at high temperatures (above 120
°C),'" offering an excellent control in designing complex
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Table 1. The Overall Conversion (X)) of PLLA—PY (Y = CL or VAL) and Molecular Weight (M,) of the Polyester

Obtained from ROP of LLA;,—CL,, and LLA;,—VAL,,

sample” CAT Temp. (°C)
PLLAy—PCL DBU 37 1:1
PLLA—PCL DBN 37 1:1
PLLAy—PVAL-60 DBU 60 1:1
PLLAy—PVAL DBN 37 1:1
PLLAy—PVAL-1 DBN 37 1:0.5
PLLAy—PVAL-0 DBN 37 1:0.2
PLLA—PVAL DBN 37 1:1

[CAT:In] (mol ratio)

S

Xoverallb (%)C Mn,PLLAC (g morl) Mn,PYC (g mOlil)

91 2001 3402
90 1879 3332
91 2257 5810
85 1850 3181
91 3848 4788
91 4951 4152
84 1757 3242

“ROP of LLA;—VAL,, or LLA;;—CL,, DESm was carried out using MSA as the second organocatalyst and BnOH as the initiator (In). The molar
ratio of [CAT:In] and [MSA] represented S and 3 wt % to DESm, respectively. In all the entries ROP was performed at 37 °C except for sample
PLLA,—PVAL-60. "Overall conversion was obtained by gravimetry. °M,, obtained by 'H NMR.

architectures. However, recent regulations are limiting the use
of metal-based catalysts, and because the purification of
polymers can be arduous and can compromise the polymer
performance in some areas, the use of organocatalysts stands as
a viable alternative.”'*"?

In 2003, Abbott et al reported a new family of solvents
called deep eutectic solvents (DESs), comprising mixtures of
organic molecules and salts with hydrogen bond-forming
capabilities at eutectic compositions, e.g., choline chloride and
urea in a 1:2 molar ratio."* DESs have also attracted attention
in polymer chemistry. For instance, due to their advantage of
compositional plasticity, they can be used as solvents for
polymerization as well as monomers that are part of the DES
family."”> The term deep eutectic solvent monomer (DESm)
was introduced for systems where the eutectic mixture contains
monomers that can undergo polymerization reactions and
form polymers.lé Thus, DESms are a new type of eutectic
mixtures with polymerizable units.”'” In a pioneering work,
Coulembier et al. reported the ROP of DESms based on
mixtures of LLA and trimethylene carbonate (TMC) affording
poly(LLA-g-TMC) gradient copolymers.'” Similarly, a DESm
based on LLA and CL was employed for producing blends of
PLLA and PCL homopolymers.’” The ROP in these two
studies was carried out in the absence of organic solvents and
using amidine-based organocatalysts.”"”

Utilizing a DESm as an all-in-one system (solvent and
monomers) has proven to be a versatile and greener approach
for polyester production at low temperature and under
solventless conditions, either as homopolymer blends or as
copolymers. In this work, we studied the thermal behavior of
three novel DESm composed of LLA and different lactones
such as VAL, S-hexalactone (HEXL), and DCL at different
molar ratios. The sequential ROP of the resulting DESm was
studied using various organocatalysts such as 1,8-diazabicyclo
[5.4.0] undec-7-ene (DBU), S-diazabicyclo (4.3.0) non-S-ene
(DBN), and methanesulfonic acid (MSA), and also benzyl
alcohol (BnOH) as the initiator. Of the three DESms, only
that formed by LLA—VAL yielded polyesters with high
molecular weights. The obtained final product was PLLA
and poly(§-valerolactone) (PVAL) polymer blends, whose
properties depended on the selection of the organocatalyst for
LLA and the polymerization temperatures, including the
controlled degradability under physiological conditions.

2. EXPERIMENTAL SECTION

2.1. Materials. VAL (>97.5%), r-lactide (LLA, 98%), 1,8-
diazabicyclo [5.4.0] undec-7-ene (DBU, 98%), 1,5-diazabicyclo
(4.3.0) non-S-ene (DBN, 99%), methanesulfonic acid (MSA,
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99.5%), benzyl alcohol (BnOH, 99%), DCL (>99%), and deuterated
chloroform (CDCly, 99.8 atom %) were obtained from Sigma-Aldrich.
CL (97%) was obtained from Thermo Fisher Scientific. HEXL
(>99.0%) was acquired from TCI Europe N.V. Absolute ethanol
(EtOH, AR), methanol (MeOH, AR), and chloroform (CHC,,
>98%) were purchased from Biosolve Chemicals. All materials were
used without further purification.

2.2. Deep Eutectic Solvent Monomers Synthesis. The deep
eutectic solvent monomers (DESm) were prepared by mixing LLA
with CL, VAL, HEXL, or DCL at different molar ratios (i.e, 20:80,
30:70, 40:60, and 50:50 LLA—lactone, respectively). The mixtures
were heated at 90 °C until a clear homogeneous liquid was obtained.
To make reference to LLA-lactone molar ratios, a subscript in each of
the systems under study will be used, e.g, LLA3;—CL,, for a DESm
composed of 30 mol % LLA and 70 mol % CL.

2.3. ROPs of Deep Eutectic Solvent Monomers. The synthesis
of polyesters was carried out by sequential ROP at 37 °C in bulk of
DESm composed of LLA—CL, LLA-VAL, and LLA—HEXL at a
30:70 molar ratio. A solution of DBU or DBN (organocatalyst,
[CAT] = 2.9 wt %) and BnOH (initiator, [In] = 2.1 wt %), with
respect to DESm, in a proportion [CAT:In] = [1:1] mol %, was
added to the DESm mixture with constant stirring. Subsequently, 3 wt
% of MSA (co-organocatalyst) was added 1 min after starting the
reaction. The obtained polyesters were named PLLA(,-PY, where
CAT = U for DBU or N for DBN was assigned to the organocatalyst
used for the LLA ROP, and Y corresponded to CL or VAL (see Table
1). Once the polymerization reached high conversions after 24 h, the
polyesters obtained were purified by adding an ethanol excess at room
temperature and washing each sample six to eight times to completely
remove the residual monomers and oligomers. The recovered solids
were dried at room temperature (RT) for 24 h. The overall
conversion (X,yer1) Was determined by gravimetry and '"H NMR. For
the kinetics studies of DESm based on LLA—CL and LLA—VAL, the
samples were prepared in individual vials and were terminated at
different times, and the X was calculated by gravimetry. The
general procedure was the same as described above. The final
products were dissolved in chloroform and subsequently precipitated
in cold methanol (—4 °C). The solution was then centrifuged at 4500
rpm for 10 min. Finally, the precipitated product was separated by
decantation.

2.4. Characterization of DESm and Polyesters. '"H NMR
spectra were recorded at 600 MHz with a Varian VXR Spectrometer
at RT using deuterium chloroform (CDCl,).

Attenuated total reflection Fourier (ATR-FTIR) spectra were
recorded on a Bruker VERTEX 70 spectrometer equipped with a
platinum-ATR diamond single reflection accessory. The measurement
resolution was 1 cm™Y, and the spectra were collected in the range of
4000—400 cm ™.

Differential scanning calorimetry (DSC) measurements were
carried out on a TA Instruments Q1000 DSC. The analysis of
DESm and the polyesters obtained was performed on dry samples and
with heating—cooling cycles. Scans for any DESm consisted of initial
cooling from RT to —70 °C at a scan rate of 10 °C min™" and keeping

https://doi.org/10.1021/acsapm.3c00591
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Figure 1. DSC scans for mixtures of (a) LLA—VAL and (b) LLA—HEXL at 20:80 and 30:70 molar ratios, respectively.

it at that temperature for S min; afterward, the temperature was
increased to 90 °C and finally decreased again to RT at the same scan
rate. The data were collected during heating run and the first scan. For
the thermal properties of the polyesters, the analysis consisted of a
similar initial cooling from RT to —70 °C, again at a scan rate of 10
°C min~', maintaining them at that temperature for 5 min, then
increasing the temperature to 220 °C, and finally cooling to RT at the
same scan rate.

The thermal stability and degradation behavior of the different
samples were studied using thermogravimetric analysis (TGA) on a
TA Instruments Discovery 5500 thermogravimetric analyzer by using
an aluminum pan. Thermograms were recorded in the temperature
range of 30—700 °C at a heating rate of 10 °C min™' under a nitrogen
atmosphere.

The X-ray diffraction (XRD) patterns of powdered samples were
recorded on a Bruker D8 Advance diffractometer with Cu Ka
radiation (4 = 0.1542 nm) in the angular range of 5—40° (26) at RT.

The molecular weight distributions (M,,/M,) were determined by
size exclusion chromatography (SEC) equipped with a triple detector:
Viscotek Ralls detector, Viscotek Viscosimeter model H502, and
Schambeck RI2912 refractive index detector. The separation was
carried out by two PLgel Spm MIXED-C and 300 mm columns from
Agilent Technologies at 35 °C in THF (99% extra pure) stabilized
with BHT as the eluent at a flow rate of 1.0 mL min~". The data
acquisition was processed by using Viscotek Omnisec software version
s5.0.

Diffusion order spectroscopy (DOSY) data were acquired using the
pulse program ledbpgp2s installed in the topspin 3.6.2 software from
Bruker with 95 gradient levels with a linear increase from 2 to 95%
using a gradient of strengths up to 54 G/cm and 8 transients. The
diffusion delay (A) was 150 ms, and the length of the square diffusion
encoding gradient pulse (§) was 0.6 ms. Laplace transformations for
generating the diffusion dimensions were obtained with the Bruker
Biospin Dynamics Center using a least-squares fitting routine with
Monte Carlo error estimation analysis.

The contact angle was recorded by OCA20 (Data physics). The
measurements were performed on films prepared by solvent casting.
The obtained polyesters were dispersed in CHCI; and poured onto a
glass plate, allowing the solvent to evaporate.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of LLA—Lactone
DESm. Deep eutectic solvent monomers (DESm) composed
of mixtures of LLA and lactones, namely, VAL, HEXL, DCL,
and CL (Figure Sl in the Supporting Information), were
prepared in different molar ratios, 20:80, 30:70, 40:60, and
50:50 LLA—lactone, respectively, by heating the mixtures to 90
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°C until transparent and homogeneous mixtures were
obtained. The mixtures LLA;;—VAL,, LLA;;—HEXL,, and
LLA;y—CL, remained liquid upon cooling to RT. The rest of
the samples with different molar ratios presented crystallization
or were not homogeneous (Figure Sla—c in the Supporting
Information). The thermal properties of the mixtures that
remained stable and liquid at RT were further studied by DSC.

DSC scans of DESms composed of LLA and VAL (Figure
la) show T,, = —28.6 °C and T,, = —29.1 °C for LLA;—
VAL, and LLA,,—VALy, respectively. The observed melting
points were lower than those of their pure constituents (T, =
—13 °C and T,, = 98.3 °C for VAL and LLA, respectively).
However, in the 20:80 molar ratio, an additional melting point
at T,, = —25.7 °C was observed, which indicates a different
component or phase out of the eutectic composition, as
reported for other mixtures near the eutectic point.”""

The DSC results of LLA—HEXL mixtures are shown in
Figure 1b, where a decrease in the melting point was observed
for the LLA—HEXL DESm compared to the pure components.
For the LLA;,—HEXL., mixture, only one melting point at T,
—1.4 °C was detected, while for LLA,,—HEXLg, two
endothermic peaks appeared at T = —10.45 and —4.05 °C.
These melting points are below the ones of their original
constituents (HEXL T,, = 31 °C, and LLA T,, = 98.3 °C),
which again indicates DESm formation. However, the presence
of two thermal events in the 20:80 mixture suggests that this
mixture is not completely homogeneous and that other phases
or components are present in excess.”'® From the DSC scan of
the LLA and DCL mixture, no thermal transition could be
observed due to the absence of any melting point under the
conditions assayed (Figure S2 in the Supporting Information).
This can be explained by the steric hindrance and branching
effects presented in the aliphatic moieties of DCL.

The LLA,;—VAL,, DESm was also analyzed by 'H NMR
spectroscopy once the presence of a single melting point was
verified by DSC. The spectrum in Figure S3c in the Supporting
Information, revealed that the peaks assigned to H, (6 = 5.05
ppm) and Hy, (6 = 1.70 ppm) corresponding to the methine
proton [~CH-] and methyl group [-CH;] of pure LLA
shifted to 5.11 and 1.55 ppm, respectively, in the formed
DESm of LLA;;—VAL,,. Similarly, shifts in the signals were
observed in the mixture LLA;,—HEXL,, (Figure S3e in the
Supporting Information). These shifts confirm the formation

https://doi.org/10.1021/acsapm.3c00591
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Figure 2. "H NMR spectra of the final product of the ROP of LLA;;—VAL,, at 37 °C using (a) DBU and (b) DBN as the organocatalysts of PLLA,

(c) LLA;;—VAL,, DES mixture and the monomers (d) LLA, (e) VAL.

of the desired DESm, as reported previously by Pérez-Garcia et
al., where similar peak shift behavior of LLA;—CL,, DESm
was observed.® For instance, the methylene proton [—-CH,—]
(H,) of pure VAL shifted from 4.36 to 4.27 ppm (Figure S3b,c
in the Supporting Information), and the methine proton
[-CH-] (H,) and methyl group [—~CH,—] (H;) of pure
HEXL shifted from 4.46 to 4.36 ppm and 2.58 to 2.48 ppm,
respectively (Figure S3d,e in the Supporting Information).

The LLA;,—VAL,, and LLA,,—VALg, mixtures were also
compared and studied by '"H NMR analysis (Figure S4a in the
Supporting Information). A larger shift in the signals of groups
[-CH-] (H,) and [—CH,] (H,) of LLA was observed in the
'"H NMR spectra of the mixture at a 30:70 molar ratio because
it establishes stronger interactions with VAL in comparison to
the 20:80 molar composition. This is further supported by the
DSC results, where a single melting point was observed for the
mixture with a 30:70 molar ratio, corresponding to the
formation of the DESm (Figure la). However, for the
corresponding LLA—DCL mixture, only the LLA methine at
approximately 5.0 ppm slightly shifted (see Figure S4b in the
Supporting Information).

To gain more understanding of the interactions between
LLA and lactones, mixtures at a 30:70 molar ratio that
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presented a single melting point by DSC were studied by ATR-
FTIR. These included mixtures of LLA—VAL and LLA-
HEXL and the mixture of LLA—CL for comparison. In Figure
SS in the Supporting Information, the ATR-FTIR spectrum of
LLA;,—VAL,, shows that the ester group peak of LLA shifted
from 1756 to 1764 cm™!, and for VAL, it shifted from 1722 to
1724 cm™', and the relative intensity of the carboxylic group
[-COO-] increased in the DESm form. This behavior
suggests the establishment of hydrogen bond interactions
between the [~COO—] group of VAL and the protons of the
[-CH- and —CH,] groups from LLA, which also support the
shifts observed by 'H NMR.

The ATR-FTIR spectroscopy results of the other eutectic
mixtures LLA;,—HEXL,, and LLA;,—DCL,, were also
studied. In Figure SS in the Supporting Information, it is
observed that the [-COO—] group of LLA shifted from 1756
to 1765 cm™ when mixed with HEXL, and from 1751 to 1767
cm™' when mixed with DCL (Figure S6a in the Supporting
Information). However, the [-COO—] groups of HEXL and
DCL at 1723 and 1728 cm™, respectively, did not show any
shift in the mixtures, which points to weaker interactions with
LLA in these mixtures. On the other hand, by comparing the
relative intensity of the carbonyl group in HEXL and VAL
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when mixed with LLA in a 30:70 molar ratio, the increasing
intensity when forming DESm was higher in VAL (Figure S6c
in the Supporting Information). The change in the carbonyl
vibrations of the DESm constituents confirms hydrogen
bonding as the origin of the interactions that formed them,
which in turn caused the depression in the melting points of
DESm compared with the melting temperature of their
individual components.”

3.2. Ring Opening Polymerization of LLA—DESm.
LLA;,—VAL,, and LLA;—HEXL., eutectic mixtures were
selected as DESm for polymerization. We followed the
methodology described in our previous work with the DESm
of LLA—CL at the same molar ratio.’ The overall reaction is
depicted in Figure S7 in the Supporting Information. To
ensure high conversions, the reaction was carried out for 24 h.
Once the polymerization was completed, the purified products
were studied by '"H NMR spectroscopy. The X, .. was
determined gravimetrically by dividing the final mass of
polymers by the theoretical mass expected from the complete
polymerization of the corresponding monomers. For LLA—
VAL DESm, the conversion was approximately 84%, and for
LLA—HEXL mixture, the conversion obtained was ca. 30%.
See Table 1.

The ROP of LLA in LLA—VAL DESm is selectively carried
out when using DBU or DBN as the catalysts through a
possible activation of both the alcohol and the monomer.
Consequently, at the end of this stage, the PLLA chains were
dispersed in the lactone, i.e, VAL was released from the liquid
DESm as the LLA was consumed during ROP. Subsequently,
MSA, as the second organocatalyst, was added to the reaction
mixture and catalyzed the ROP of the remaining VAL. In this
second step, the hydroxyl groups of the previously formed
lactidyl or residual water acted as initiators. Finally, PLLA—
PVAL was obtained as the product. The rate of polymerization
depended on the first catalyst used: DBU or DBN, as will be
explained later.

Figure 2 shows a comparative 'H NMR spectra of the
LLA3;)—VAL,y DESm and the polymers resulting from their
ROP at 37 °C. The signals H, (6 = S.11 ppm) and H,, (6 =

1.55 ppm) corresponding to the methine [—~CH—] and methyl
group [—CHj;] of the LLA monomer in the DESm shifted in
the "H NMR spectra of PLLA—PVAL (i.e., §, = 5.2 ppm and
Sy = 1.60 ppm), and Hy, and H; denote the terminal aromatic
group of BnOH (6 = 7.34 ppm) and the terminal methine (5 =
4.37 ppm), respectively, of PLLA. This confirms that the
catalysts (DBU and DBN) selectively polymerized LLA in the
DESm (Figure 2ab). Furthermore, as a result of MSA
catalyzing the second ROP of VAL, the peaks of H. (§ =
4.26 ppm), Hy (6§ = 2.56 ppm) and H, (5§ = 1.89 ppm)
assigned to the [~CH,—] groups in the '"H NMR spectrum of
VAL in the DESm also shifted in the "H NMR spectra of the
final product (i.e., ¢ = 4.10 ppm, Sy = 2.36 ppm and 5y, =
1.70 ppm). This confirms that MSA is a suitable organocatalyst
for VAL ROP in the DESm. On the other hand, LLA—HEXL
polymerization was carried out under the same conditions, but
the signals corresponding to polymers were of very low
intensity, corresponding to the low conversion obtained by
gravimetry. Therefore, it was decided not to continue with the
study of LLA-HEXL ROP (Figure S8 in the Supporting
Information). This indicates that the ROP of HEXL is not
efficiently catalyzed by MSA and could be explained by the
steric effects of the methyl moiety in the HEXL structure
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compared with VAL. Hence, we will focus on the ROP of the
LLA;,—VAL,, system, and a comparative study will be made
with the previously reported LLA;y—CL,, system.®

As shown in Figure 2a,b, the ROP of LLA3;,—VAL, using
DBU and DBN as catalysts of PLLA was confirmed by 'H
NMR analysis. However, different molecular weights calculated
by NMR resulted from varying the initiator, being comparable
to those reported in the literature.'” The molecular weights
(M,) of PLLA and PVAL were calculated by Equations 1 and
(2), where MW, and MWy, are the molecular weights of
LLA and VAL, respectively. M, and X ...y are listed in Table 1.

[H,

Mn(gmol_l) = ——(MW,)
Ja 0
W H
Mn(gmol 1) = (MWy, 1)
I ®)

3.3. Kinetics Studies of ROP of LLA-CL and LLA-VAL
at 37 °C by Varying the Catalyst. To better understand the
sequential ROP of the LLA-forming DESm with VAL and CL,
the ROP kinetics of LLA;—VAL,, and LLA;,—CL,, were
comparatively studied. The M, and X_...; of PLLA and PCL
were calculated as described above.® The relationship between
the conversion of LLA;y—CL,, DESm and the polymerization
time is shown in Figure 3a, where it is observed that X .., is
close to 90%, being slightly higher when DBU is used as a
catalyst.

Figure 3b exhibits the semilogarithmic plot, In([M],/[M])
versus time, where [M], and [M] are the concentrations of
monomers at the initial time (t = 0) and at any time,
respectively, showing that the polymerization of LLA;,—CL,,
follows three-stage kinetics, accounting for sequential polymer-
ization. The first stage is observed almost instantaneously,
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Figure 3. (a) Evolution of the conversion profiles, (b) linear fitting of
eq 3 and dependence of M,, versus X, .. using (c) DBU and (d) DBN
as organocatalysts of PLLA for the sequential ROP of LLA;,—CL,,
DESm at 37 °C. (Dashed lines denote tendencies, and solid lines are
the linear regressions).
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reaching an X ..; up to 25% in just 1 min of reaction, which is
attributed to the rapid and complete polymerization of PLLA
(30% molar ratio of the LLA—CL DESm) catalyzed by DBU
or DBN, as reported previously.””*' The second stage
encompassing the ROP of CL becomes slower, following
first-order kinetics in an interval of 10—200 min, associated
with the slope of the curve corresponding to the initiation rate
constant (k, c;, **). This stage can be considered an induction

period, representing the existence of structural rearrangement
processes due to the initiator forming the active sites in a
system having PLLA chains in the media after the addition of
MSA, suggesting that rearrangement of the reacting species is
required (e.g, CL and MSA catalysts) before polymerization
begins. Here, monomer molecules can access the active species
without competition, which increases the rate of polymer-
ization.”

In the third stage, the increase in viscosity in the reaction
medium induces an abrupt increase in X, in the system,
where the propagation and termination steps become diffusion
controlled. This scenario is consistent with what has already
been reported in the literature and results in a change in the
slope of the last stage corresponding to the propagation
velocity constant (k,c; *F) of the PCL.*>** The values

app P

and kP‘CLzaP can be determined with the other

kP/CLl
parameters associated with eq 3, where k%" (Y = CL or
VAL, i = 1 or 2) corresponds to the term kp[I]O' Notably, no
segregation of the final polymers is observed. The results are
shown in Table S1 in the Supporting Information.

(M,
(M]

In

=k
P ©)

In the induction period of the second stage, it is evident that
there is no significant difference in the value of k,, o; **
either DBU or DBN, as these catalysts affect only the ROP of
LLA, which formed rapidly during the first stage. However, the
difference emerges in the final stage of the CL propagation,
P increases up to 4.5 times for the ROP

using

since the value k,, ¢

where the previous LLA polymerization is catalyzed by DBU
compared with the reaction catalyzed by DBN.

However, it is worth mentioning that these polymerizations
were carried out under the same conditions of [DESm],:
[CAT]y:[In],, only changing the nature of the catalyst for LLA
(DBU or DBN) and adding to both MSA as the catalyst for the
ROP of CL. Therefore, the increase in kuCLzapp when DBU is

used with respect to DBN is likely due to the type of polymers
obtained at the end, a blend of homopolymers or a block
copolymer, as follows.

It was reported that the choice of organocatalyst for the
ROP of the LLA;—CL,, DESm at 37 °C is decisive to obtain a
blend of PLLA and PCL homopolymers in the case of DBU or
a PLLA-PCL block copolymer in the case of DBN. In the
former case, PCL chains initiate with residual water and
propagate independently of PLLA already formed, producing a
blend of PLLA and PCL homopolymers. Conversely, in the
latter case, PLLA chains serve as the macroinitiator of CL,
yielding block copolymers with slower kinetics.

Figure 3c,d depicts the evolution of M, versus X y.q in
LLA;y—CL,, polymerization. As mentioned above, it is evident
that the polymerization of PLLA in the first reaction is
achieved faster, almost immediately reaching M, ~ 2000 g
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mol™! with an X

overall = 25% and remaining constant
throughout the reaction when DBU is used as catalyst.
When using DBN, the X, of PLLA increases discreetly
linearly between 20 and 25% of M, until reaching 2000 g
mol™!, remaining constant throughout the conversion profile
(Figure 3d). The M, of PCL increases with respect to X, e of
the system, indicating the growth of the polymer chain,
continuously forming PCL and reaching a M, ~ 3000 g mol ",
irrespective of the organocatalyst employed for the ROP of
LLA. However, some kinetics differences are noticed in both
cases, attributed to the formation of blends of homopolymers
or block copolymers, as discussed above.

Kinetics studies of the ROP of LLA;,—VAL,, were also
carried out under the same conditions as those used for
LLA;y—CL,,. The X, .1 of monomers was monitored by
gravimetry, and Figure 4a shows that the conversion reached

a b
) 1.0 ) 3.0
0.8 7..F.=--+—-——4 -
e ! S 2
ool =
04 f s
8 .
0.2
—m— DBU
—m— DBN
0.0 ——————ry 0.0 e —ff—y
0 300 600 900 1200 1500 0 100 200 300 1200 1500
Time (min) Time (min)
c) d)
3. 3
4x10°7 o bLia 4x10
® PVAL .
_3x10%1 3x10° E
< i o *
- . '
2x10% ] 2x103 /-
()] - — - L
< - - ‘?’z rF--Ty w
S s ’
1x10° _-"* 1x103 /
0" o .-
0 0 -
00 02 04 06 08 1.0 00 02 04 06 08 1.0

Conversion Conversion

Figure 4. (a) Evolution of the conversion profiles, (b) linear fitting of
eq 3 and dependence of M,, versus X,y using (c) DBU and (d) DBN
as organocatalysts of PLLA for the sequential ROP of LLA;;—VAL,,
DESm at 37 °C. (Dashed lines denote tendencies, and solid lines are
the linear regressions).

approximately 80%; however, no significant difference in their
behavior was observed when using DBU or DBN as the
catalyst. Table S1 in the Supporting Information shows the
values of kv, ** and kv *** during the sequential ROP of
LLA;,—VAL,,. These were obtained by adjusting the first-order
kinetic data according to eq 3 in an interval of 10—150 min
(k, var, ™), i.e, after the first ROP of LLA is completed. Figure
4b shows that the polymerization is inhibited during the rest of
the reaction after 150 min, since the evolution of the
polymerization rate presents a constant behavior and the
estimated values for k" are extremely small, irrespective
of using DBU or DBN as the catalyst (on the order of 107
s™'); the opposite behavior is observed when performing the
ROP of LLA;y—CL,, under the same conditions. In addition, a
comparative study of Figures 4b and 3b confirms that the
polymerization of LLA;,—VAL,, is much faster than that of
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LLA;3;y—CL,. This is in agreement with the results reported in
the literature about these ROP reactions in solution.'>**~*’

In Figure 4c,d, the evolution of M, in the LLA;,—VAL,,
conversion was followed, varying the type of catalyst for the
ROP of LLA, observing that in both systems, LLA reached
Xoveral = 30%, generating initial PLLA chains embedded in
liquid VAL.

However, VAL, unlike CL, is added in low proportions
under a linear behavior in conversions from 30 to 80%, when
DBU is used as the catalyst, and up to 60% when DBN is used.
At conversions higher than 60%, the viscosity of the medium
increases, thus favoring the polymerization of VAL, reaching
M, =~ 3000 g mol".

3.4. Thermal Properties and Crystallinity of PLLA—
PCL and PLLA—PVAL. The mole fraction of monomers
(Fpria:Fy, Y = CL or VAL) in the polymers resulting from the
ROP of LLA;,—CL,, and LLA;—VAL,, was determined from
the '"H NMR spectra after removal of oligomers and residual
monomers by the purification step. The mole fraction
(Fpppa:Fy) of the homopolymer composition of PLLA—PCL
and PLLA—PVAL at the end of the polymerization, 47:53 and
45:5S, respectively, differed with respect to the initial molar
composition (fi;:fy), 30:70 LLA-lactone. This means that
the oligomers of PVAL or PCL and the residual monomers of
VAL and CL were removed from the final product during the
purification process. Figure S9 in the Supporting Information
shows the SEC results and the elution of the PLLA;—PCL
sample before and after the purification step. The first bimodal
peak at low retention volume corresponds to the PCL and
PLLA blend, while the peak at higher retention volume
corresponded to PCL oligomers. The decreased intensity of
the oligomer peak after purification indicates the successful
removal of oligomers.

The thermal properties of the obtained polyesters were
studied by DSC. Figure S10 shows the thermograms for the
samples listed in Table 2. The first endothermic peaks at 61

Table 2. Mole Fraction of Polymers (Fy, Y = PCL or PVAL)
and Thermal Properties of the Polyester Obtained From the
ROP of LLA;,—CL,, and LLA;p— VAL,

[CAT? In] F PLLA:FYb Tm,PLLAc Tm,YC X PLLAC Xc,yc
sample mol ratio mol % b o
ple’  (molratio) (mol%)  (°C)  (°C) (%) (%)
PLLAy— 1:1 45:55 133 61 35 73
PCL
PLLAN— 1:1 45:55 128 61 38 73
PCL
PLLAy— 1:1 46:54 127 56 36 35
PVAL-
60
PLLAy— 1:1 47:53 131 57 34 69
PVAL
PLLAy— 1:0.5 47:53 121 56 39 47
PVAL-1
PLLAy— 1:0.25 47:53 128 60 36 50
PVAL-0
PLLAN— 1:1 47:53 122 56 44 70
PVAL

“ROP of LLA;;—VAL,, or LLA;;—CL,, DESm was carried out using
MSA as the second organocatalyst and BnOH as the initiator. The
molar ratio of [CAT:In] and [MSA] represented S and 3 wt % to the
DESm, respectively. In all the entries, ROP was performed at 37 °C,
except for sample PLLAy—PVAL-60. “The mole fraction of the
monomers (Fpy; 5:Fy) was obtained by 'H NMR. “Thermal properties
calculated by DSC.
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and 57 °C correspond to the melting point (T,,) of PCL (T, =
62 °C)*® and PVAL (T, = 58 °C),”” and the second
endothermal peaks corresponded to the T, of PLLA, which
was found between 122.2 and 133.5 °C. The crystallinity (X_)
of the final polyester was calculated by eq 4.

( AHY ]
4)

AH,
where X, and x* denote the degree of crystallinity and mass
fraction of component g, respectively, in the DESm. AHj, and
AH,, ~correspond to the experimental melting enthalpy of

100
X =

C

a
X

component a (obtained by DSC) and the theoretical value
with 100% crystallinity (AHmO‘PVAL = 182 ] mol ™,

AH,, pc, = 13544Jmol™, and AH,, py ;s = 106 ] mol ™,

respectively).>’

The T,, and X, of the PLLA—PVAL and PLLA—PCL in the
polymer varying the DBU or DBN as catalyst are shown in
Figure S. It is important to mention that regardless of the type
of catalyst used, DBU or DBN, there is no significant difference
when comparing the T, values for the final polyesters (Figure
S, blue and purple solid and dotted bars).

These obtained polyesters presented semicrystalline behav-
ior, as observed by XRD, showing the characteristic peaks of
PLLA at 26 values of 16 and 19°, of PCL at 21.4 and 23.8°,
and of PVL at 21.7 and 24.11° (Figure S11 in the Supporting
Information).>!

Figure S shows that the crystallinity of the resulting PLLA is
slightly favored when using DBN for the ROP of LLA;,—CL,,
(Figure Sa), which is greater for the ROP of LLA;;—VAL,,. As
discussed previously, although the polymerization of LLA in
both systems (PLLAy—PCL and PLLAG—PCL) reached
complete conversions within minutes, slightly lower kinetics
in the case of DBN may have allowed the rearrangement of
PLLA chains and thus increased its crystallinity (see Figure
3d). PCL and PVAL exhibit higher crystallinity than PLLA.
Furthermore, the lower rate of polymerization of CL compared
to that of VAL in the mixtures with LLA did not significantly
affect the crystallinity of the corresponding PCL and PVAL (X,
~ 73% and X = 70%, respectively).

The T, of PLLA of all samples are significantly lower than
the T,, of PLLA synthesized via conventional methods (T, ~
176 °C);* this could be associated with a diluent effect of
PVAL or PCL embedded in the crystalline regions of PLLA,
either as blends or forming block copolymers, thus resulting in
materials with lower T,. In general, PVAL has a lower melting
point than PCL, and as expected, PVAL polymerized in the
presence of PLLA also exhibits a lower T, than PCL
polymerized under similar conditions.”® Similarly, PLLA
synthesized using DBN as the organocatalyst and PLLAy—
PCL or PLLAN—PVAL possess a lower T,, compared with
those obtained with DBU.

The effect of the variation in the molar ratio of BnOH and
the reaction temperature on the thermal properties and
crystallinity of the final products is shown in Figure S12 in
the Supporting Information. The T, of PLLAy and PVAL
remained nearly unchanged when decreasing the molar ratio of
initiator (1 to 0.25) (Figure S12a in the Supporting
Information), being ca. 130 and 57 °C, respectively. However,
the molar ratio of BnOH with respect to DBU has a direct
impact on the X_ of PVAL, for instance, reaching a maximum
of 69% at higher concentrations. This corresponds to the fact
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Figure 5. Melting point (T, blue and purple bars) and crystallinity (X, green and orange bars) of (a) PLLA—PCL and (b) PLLA—PVAL in the
polymer blends varying the use of DBU (solid line bars) or DBN (dashed lines bars) as the catalyst.

that M, of PLLA is ca. 1850 g mol ™" with a higher proportion
of initiator, which allows the polymeric chains with low M, to
form crystalline domains more easily.

On the other hand, Figure S12b in the Supporting
Information shows that the increasing of the reaction
temperature from 37 to 60 °C does not have a noticeable
effect on the T, and X, of PLLAy, both remaining unchanged
(T, = 128 °C and X, = 35), while for PVAL, the X_ is higher
when the ROP is carried out at 37 °C. These results agree with
the M, values of polyesters obtained at the same temperatures
(Figure S13 in the Supporting Information), being lower at 60
°C than at 37 °C, since lower temperature allow the polymeric
chains to better reorganize into highly crystalline domains.

3.5. Polymer Architecture. To obtain deeper insights into
the final product composition, PLLAy;—PVAL and PLLAy—
PVAL were analyzed by '"H NMR DOSY. Figure 6a shows a
broad distribution of coefficients in the DOSY spectrum of
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Figure 6. DOSY spectra of (a) PLLA;—PVAL and (b) PLLA—
PVAL in CDCl,. The diffusion coefficient Dy; (cm?/s) is indicated for
each component.
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polyester PLLAy—PVAL. The higher diffusion coefhicient
corresponded to heavier species, consistent with PVAL, and
the lower diffusion coefficient corresponded to PLLA. The
signals of each species were compared with the upper axis
representing the corresponding '"H NMR spectrum. These
results show that the M, of PVAL was higher than that of
PLLA, as observed by the M, calculation obtained from 'H
NMR (see Table 1 and Figure 6). Additionally, the signals of
terminal OH-containing groups [—~CH—] (Hy) and [—CH,—]
(Hy) identified in the "H NMR spectra of PLLAc,r—PVAL, do
not show any changes in their chemical shift or in their
intensity along the ROP (Figure 2), which confirmed that both
PLLA and PVAL exist as independent homopolymers in a
polymer blend.

Conversely, in the case of sample PLLA\—PVAL (Figure
6b), a narrower set of diffusion coefficients were observed,
which can be mainly attributed to the presence of a block
copolymer of poly(LLA-b-VAL), but other species cannot be
ruled out. These results suggest the successful synthesis of
poly(LLA-b-VAL) from the ROP of VAL-based DESm, where
the initial hydroxyl-terminated PLLA homopolymer acts as the
macroinitiator for the subsequent ROP of VAL catalyzed by
MSA. Nevertheless, compared with the results of poly(LLA-b—
CL),6 here, the distribution of the diffusion coefficients, as
shown in Figure 6b, is broad and presents a small shoulder.
This is consistent with a polymer mixture of block copolymers
and homopolymers, as the presence of the terminal H; in the

"H NMR of PLLA suggests in Figure 2.

Size-exclusion chromatography (SEC) measurements were
conducted to analyze the polyesters listed in Table 1. Figure 7a
shows bimodal peaks at low elution times (13—16 min), in
PLLAy—PCL and PLLAN—PCL, corresponding to PCL with a
higher molecular weight and PLLA with a lower molecular
weight. Similarly, peaks of PVAL and PLLA are observed in
PLLA;—PVAL and PLLAy—PVAL. These results are in line
with the M, obtained by '"H NMR spectroscopy (Table 1). It is
important to mention that the distribution of peaks is
independent of the polymer architecture (homopolymers and
block copolymers), and the differences between M, and M,,
were attributed to the change in the hydrodynamic volume.

To demonstrate the differences in samples mainly composed
of homopolymers or block copolymers, a solubility test of the
polyesters PLLA;—PVAL and PLLAy—PVAL was performed
in THF at —4 °C, with a concentration of the polyesters of
0.55 g mL™". The insolubility of PLLA in THF under cold
conditions was considerably improved with the PVAL
counterpart presented in sample PLLAy—PVAL, which
contains block-copolymers. Therefore, a stable and clear
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Figure 7. (a) SEC scans and (b) TGA curves of the final product of the ROP of LLA;;—CL,, and LLA;—VAL,, at 37 °C using DBN and DBU as

the organocatalysts of PLLA.

solution was observed. Conversely, the scant solubility of
PLLAy in PLLAy—PVAL led to gelled solutions in THF at —4
°C (see Figure S14 in the Supporting Information), as direct
consequence of the presence of individual homopolymers (i.e.,
PLLA and PVAL) in the polyester, forming a heterogeneous
mixture.

3.6. Thermal Stability. The thermal stability and thermal
degradation of the polyesters were studied by TGA. The
PLLAy—PCL and PLLAy—PVAL samples, mainly composed
of homopolymer blends, showed two thermal degradation (T)
steps. The first degradation occurred at Ty =~ 327 °C and Ty ~
307 °C with mass losses of approximately ca. 22 and 37%, for
the polymers containing PCL and PVAL, respectively. They
were attributed to PLLA degradation (with a previously
reported T; of about 365 °C),”* with PLLA being
approximately 30 mol % of the final composition of the
polymer blend. The second step of degradation occurred
between Ty 395—425 °C, temperatures at which
decomposition of PVAL and PCL occur in accordance with
the values reported, and T; ~ 410 and 520 °C.””** This
evidence indicates that PLLAy—PVAL and PLLAy;—PCL were
composed of blends of homopolymers. Conversely, the
samples polymerized with DBN (PLLAN—PCL and PLLAy—
PVAL) showed one main step of degradation denoting higher
thermostability. At temperatures of approximately 330 °C,
mass losses of 7 and 10% occurred in PLLAy—PCL and
PLLAN—PVAL, respectively, which are lower than those in the
PLLAy—PCL and PLLA;—PVAL samples due to the presence
of block copolymers (Figure 7b).

3.7. Degradability Test and Contact Angle. The design
of polyesters with rapid and controllable degradation can
benefit from polyesters with low M, between 2000 and 3000 g
mol™}, such as those in this work obtained from the ROP of
DESm at 37 °C. These polymerizations were carried out at a
low temperature, excluding metal catalysts and organic
solvents, opening the possibility for applications in biomedical
areas owing to the green character of the synthesis.
Degradation of polyesters such as PLLA and PVAL occurs
through two stages by surface or bulk degradation mechanisms
and is autocatalyzed by acidic by-products that are produced
by chain hydrolytic incision.™

Parameters such as crystallinity, molecular weight, and
molecular architecture all play important roles in the
degradation performance, where water diffusion is restricted
in highly crystalline polyesters, thus decreasing the degradation
rate.” Figure 8a shows the mass loss degradation profile for

~
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after 28 days at 37 °C and (b) water contact angle of the final product
of the ROP of LLA;,—CL,, and LLA;,—VAL,, at 37 °C using DBN
and DBU as the organocatalysts of PLLA.

PLLAy—PVAL and PLLA—PVAL in phosphate buffer
solution with pH = 7.4 at 37 °C, the mass losses after 28
days being ca. 50 and 55%, respectively. The higher
crystallinity of PLLAy—PVAL resulted in a lower mass loss.
Early degradation was reported to take place on the surface,*
as could be observed in the PLLAy—PVAL sample in Figure
S1S in the Supporting Information, where after 28 days, the
diameter decreased, as did the pH of the solution from 7.4 to
2.8 due to the acidic nature of the released by-products of
degradation. The degradation characteristics of polyesters
could be applied in areas that require short-term degradation
profiles in acidic media, such as drug delivery systems or the
release of special cargos in the agroindustry.’"***°~

Figure 8b shows the water contact angle of the polyesters
obtained from ROP of LLA3;y—VAL,, at 37 °C using DBN and
DBU compared with their counterparts having PCL (LLA;,—
CL,,). The contact angle was approximately 70° in all the
samples, ie., slightly hydrophobic, as expected.’®**~** The
water contact angle obtained for the PLLAy;—PCL sample was
71°, and for PLLAy—PVAL, it was 68°. A slightly decreased
contact angle indicates reduced hydrophobicity, in agreement
with data reported for PVAL, being comparatively less
hydrophobic than PLLA—PCL.”” In general, hydrophobicity
decreases the water permeability in both polycaprolactone and
polyvalerolactone, which reduces degradation by erosion.

4. CONCLUSIONS

In this work, we successfully obtained binary DESm composed
of LLA with lactones, such as VAL and HEXL, at a 30:70
molar ratio. Sequential ROP of the DESm at low temperatures
under solventless conditions involved two steps. In the first
step, the organocatalyst (DBU or DBN) allowed the ROP of
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LLA contained in the DESm, with BnOH as the initiator. In
the second step, lactone ROP (VAL or HEXL) was carried out
by adding a second organocatalyst (MSA). Notably, a high
conversion (ca. 80%) was only reached in the ROP of the LLA
and VAL mixture, resulting in homopolymers and copolymer
blends composed of PLLA and PVAL with high crystallinity.

The kinetics of the ROP of the LLA;;—VAL,, DESm
comprise three stages; the first stage is attributed to the almost
instantaneous polymerization of LLA, while the second and
third stages include the induction and propagation periods of
VAL, respectively. Contrary to the polymerization rate of LLA
in CL, different amidine organocatalysts (DBU or DBN) did
not affect the VAL rate in the LLA;;,—VAL,, DESm, and both
reached similar rates M. Nevertheless, properties such as
thermal stability, diffusion coeflicients of the polymeric species
(by DOSY NMR), or solubility differed in the final polyesters,
which reflects the different architectures achieved, e.g,, mainly
block copolymers in the case of PLLAy—PVAL or homopol-
ymer blends in PLLA;—PVAL. These results point to a major
effect of the organocatalyst employed for LLA polymerization,
proving decisive for the final architecture of subsequent ROP
of VAL, either PLLA functioning as a macroinitiator for PVAL
blocks or as a mere spectator of the VAL ROP.

The thermal properties and crystallinity of PLLAy—PVAL
and PLLA—PVAL are in accordance with their overall
architecture, with PLLAy T, higher than PLLAy, and in the
case of PVAL, M, and X, remain unchanged, either when there
is PLLAy or PLLAy in the second stage of polymerization. The
effect of the initiator concentration on the M, of PLLA was as
expected in the LLA;,—VAL,, DESm, ie, the lower the
initiator, the higher the M,. On the other hand, the increase in
the ROP temperature led to lower crystallinity on PVAL and
higher M, in both PLLA and PVAL.

In summary, the ROP of DESm composed of LLA and VAL
was carried out excluding metal catalysts and organic solvents
under mild temperature conditions and unsophisticated
atmospheres, thereby underscoring the green credentials of
the processes. These findings pave the way for the design of
polyesters with rapid and controllable degradation, potentially
applicable to biomedical devices.
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