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A challenge in the design of biocompatible polymers involves the use of non-cytotoxic catalysts in the ring-
opening polymerization (ROP) of lactones. In this study, a family of seven mono-, di-, and tricarboxylic acids
was used as organocatalysts for the ROP of g-caprolactone (CL) and L-lactide (L-LA). The use of a long-chain
aliphatic alcohol such as 1-docosanol (C,,0OH) has been demonstrated to accelerate the polymerization
rate. For the ROP of CL, carboxylic acids with pk, values less than 4 and an increase in functional groups
exhibited the highest catalytic efficiency. In contrast, the ROP of L-LA exhibited conversion that was
independent of the number of carboxyl groups or pk,. Random copolymers of PCL-co-PLLA were
successfully synthesized using citric acid as an organocatalyst and C,,OH as an initiator. Increasing the
L-LA content was observed to reduce the melting enthalpy without compromising semi-crystallinity,
which is a behavior that is attributed to the docosyl terminal group.

Introduction

Ring-opening polymerization (ROP) has been the predominant
method for synthesizing polyesters derived from lactones and
lactides due to its capacity to control molecular weight and
architecture.™ One of the most important reasons for synthe-
sizing aliphatic polyesters is their biodegradability.*” In
general, the ROP of lactones involves metal-based catalysts,
including complexes based on Lewis acidic metals such as tin,
aluminum, zinc, and molybdenum.? These catalysts enable the
preparation of polyesters with shorter reaction times and
temperatures between 0 and 150 °C.

Polycaprolactone (PCL) and poly(i-lactide) (PLLA) are two of
the most common polyesters and are synthesized by ROP of &-
caprolactone (CL) and ri-lactide (1-LA), respectively. PCL is
a semicrystalline, hydrophobic, and biodegradable polymer with
a low melting temperature, flexibility, the ability to form blends,
and a slow degradation rate. Its slow hydrolytic degradation rate
compared to other aliphatic polyesters has enabled applications
such as controlled drug-delivery systems,® scaffolds for tissue
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engineering,’ and long-term implants." PLLA exhibits faster
hydrolytic degradation, a high melting point, brittleness, and
rigidity. Due to its extreme biocompatibility and faster degrada-
tion rate compared to PCL, it is applied in resorbable sutures,"*
orthopedic fixation devices,”® and controlled-release matrices.™
To address the limitations of these polyesters, copolymerization
of CL and 1-LA has been demonstrated to effectively integrate the
distinct advantages of PCL and PLLA, resulting in CL/LLA
copolymers that are well suited for use in biomedical
devices'>'® and biodegradable materials."”

Biomedical applications of PCL and PLLA require metal-free
materials due to the potential for residual metals to remain in
the polymer matrix, which may result in toxicological or cyto-
toxic effects.” To address this challenge, novel catalysts have
been explored, and one notable proposal involves the use
organocatalysts in the ROP of lactones.

The use of organocatalysis in polymer science is a tool that
has enabled chain- and step-growth polymerizations, as well as
polymer functionalization.” For example, polymerizations like
organocatalyzed atom transfer radical polymerization (O-ATRP)
can use cyclic macroinitiators to obtain grafted polymers.*

A classification system has been proposed for these orga-
nocatalysts and consists of three main groups. The first group
comprises basic organocatalysts that are capable of subtracting
a proton from the initiator (commonly aliphatic or aromatic
alcohols) and have high values of pk, (from 24 to 26 in aceto-
nitrile), which facilitates the nucleophilic attack on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative analysis among a series of non-metal catalysts and their respective catalytic activities
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Non-metal catalyst pk,* Monomer Reaction time (h) Conversion rates Dy Reference
DBU 13.5° LA 1 43-99% 1.06-1.97 Sherck, 2016 [ref. 21]
L-LA, 3-VL, e-CL 1-120 78-99% 1.04-1.08 Lohmeijer, 2006 [ref. 23]
TBD 15.2° LA 20 min-120 min 17-77% 1.09-1.25 Moins, 2020 [ref. 22]
1-LA, 3-VL, e-CL 20s-8 h 52-99% 1.05-1.19 Lohmeijer, 2006 [ref. 23]
MTBD 15.0° L-LA, 3-VL, e-CL 0.5-120 78-99% 1.05-1.10 Lohmeijer, 2006 [ref. 23]
MSA -1.9 e-CL 1.5-2 98% 1.07 Gazeau-Bureau, 2008 [ref. 27]
B-BL 1-26 96% 1.14-1.28 Coulffin, 2013 [ref. 28]
TfOH —14.9 e-CL 1.5-7 98% 1.15-1.22 Gazeau-Bureau, 2008 [ref. 27]
p,.-LA 2.5-28 >96% 1.13-1.48 Bourissou, 2005 [ref. 29]
DNBA —2.2 e-CL 4-20 45-97% 1.10-1.21 Wang, 2014 [ref. 30]
DPP 2.4 3-VL, &-CL 1-43 61-97% 1.06-1.09 Makiguchi, 2011 [ref. 31]
PPA -3 e-CL 0.3-5.5 98% 1.06-1.14 Delcroix, 2011 [ref. 32]
IDPA 11.5¢ 3-VL, &-CL 1.5-48 70-98% 1.12-1.24 Kan, 2013 [ref. 33]
Succinic acid 4.19 e-CL 24 60-78% 1.40-1.48 Oledzka, 2010 [ref. 34]
Fumaric acid 3.02 e-CL 24 64-95% 1.20-1.23 Oledzka, 2010 [ref. 34]
6-24 61-91% 1.06-1.14 Sanda, 2001 [ref. 35]
Tartaric acid 2.98 ¢-CL 24 >90% 1.49 Persson, 2006 [ref. 36]
3-VL, e-CL 2-7 66-99% 1.3-1.35 Casas, 2004 [ref. 37]
Benzoic acid 4.2 &-CL, 1-LA 1.25-110 89-97% 1.09-1.41 Mezzasalma, 2018 [ref. 38]

“ LA, 1-lactide; 3-VL, d-valerolactone; e-CL, e-caprolactone. *Obtained from the cited reports. bpka values in water. pk, value in acetonitrile.
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Scheme 1 Structure of 1 butyric acid, 2 cinnamic acid, 3 adipic acid, 4 succinic acid, 5 fumaric acid, 6 malic acid and 7 citric acid, carboxylic acids

used as organocatalysts.

carbonylic carbon of the lactone. The most widely used basic
organocatalysts in ROP are diazabicycloundecene (DBU),** tri-
azabicyclodecene (TBD),”* and methyltriazabicyclodecene
(MTBD).> The use of basic organocatalysts gives rise to trans-
esterification side reactions as a negative aspect.

The second group comprises bifunctional systems of orga-
nocatalysts, which can achieve concomitant activation between
the monomer and initiator and increase the polymerization
rate. In the synthesis of some lactones, urea/base systems*
facilitate shorter reaction times, mild conditions and minimal
side reactions. The third group is composed of acid organo-
catalysts, which have been shown to promote electrophilic
activation of the monomer. In this process, the oxygen of the
carbonyl is protonated and acts as an activated species that
reacts easily with the initiator. These organocatalysts are the
least studied due to disadvantages such as corrosive properties,
hygroscopic tendencies, the fact that they are derived from
strong acids, and their susceptibility to side reactions.

Bronsted acids have been used as catalysts in the ROP of
lactones, including hydrochloric acid in diethyl -ether

© 2025 The Author(s). Published by the Royal Society of Chemistry

(HCI-Et,0),>**  methanesulfonic acid (MSA),>”*® tri-
fluoromethanesulfonic acid (TfOH),* 2,4-di-
nitrobenzenesulfonic acid (DNBA),** diphenyl phosphate

(DPP),** phosphoramidic acid (PPA),*> imidodiphosphoric acid
(IDPA),* and carboxylic acids. Carboxylic acids are simple, but
there has been limited exploration of this class of hydrogen-
bond donors. Nevertheless, they can promote ROP and feature
tunable acidity, biocompatibility, and availability, which makes
them attractive candidates as sustainable organocatalysts. A
number of carboxylic acids have been used in the ROP of
lactones, including succinic acid,** fumaric acid,*® tartaric
acid,***” and benzoic acid.*®

In contrast to phosphoric and phosphoramidic acids, which
function as efficient Brgnsted catalysts, operating mainly
through proton shuttles in both the nucleophilic addition and
ring-opening steps;** the organocatalytic activity of carboxylic
acids derives from localized hydrogen-bonding networks.** This
highlights the distinct yet complementary catalytic behavior of
carboxylic acids, thereby extending the scope of green Bronsted
acid catalysis for ROP. As can be observed in Table 1, carboxylic
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acids exhibit less extreme pk, values, avoiding both the extremes
of high and low pk, values. The polydispersity values for all
organocatalysts listed range from 1.04 to 1.97. Considering this
range, it is preferable to use accessible and comparatively safer
organocatalysts, such as carboxylic acids. While other non-metal
catalysts exhibit more controlled acidity but reduced structural
flexibility, the carboxylic acids evaluated in this study allowed
modulation of acid strength and active site density through the
number of carboxyl groups. This approach offers a simple,
economical and potentially less hazardous route for ROP.

This study presents a systematic evaluation of a family of
carboxylic acid organocatalysts for the ROP of CL and 1-LA, as
well as their copolymerization. Mono-, di-, and tricarboxylic
acids (Scheme 1) were compared to elucidate the role of acidity
and functional groups' multiplicity in the catalytic activity and
polymer microstructure. This approach provides new insights
into the design of metal-free catalytic systems for the synthesis
of biodegradable polyesters.

Experimental
Materials

e-Caprolactone (CL) was supplied by Aldrich Chemical Co.,
dried over calcium hydride (CaH,) for 24 h; distilled under
nitrogen atmosphere (N,) and reduced pressure before use. r-
Lactide (i-LA), 1-docosanol (C,,OH), n-heptanol, butyric acid
(pk, = 4.82),"° cinnamic acid (pk, = 4.46),** succinic acid (pk, =
4.19),” fumaric acid (pk, = 3.02),* malic acid (pk, = 3.46),"
adipic acid (pk, = 4.43),* citric acid (pk, = 3.13),*® levulinic acid
(pk, = 4.64),” and tricarballylic acid (pk, = 3.78)** were
purchased from Aldrich Chemical Co. and used without further
purification.

Synthesis of a-hydroxy-w-docosyl homopolymers
(PCL and PLLA)

In a dried 20 mL vial with hermetic cap, e-caprolactone (CL)
(10 mmol, 1.14 g), 1-docosanol (1 mmol, 0.326 g) and the
organocatalysts (0.1 mmol, molar ratio [[M]y/[I]o/[Cat], = 100/
10/1] were added and heated in an aluminium block at 150 °C
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Scheme 2 General synthesis of PCL by ROP with or without 1-
docosanol as initiator and using organocatalysis where OC =1, 2, 3, 4,
5 6o0r7.
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Scheme 3 ROP of L-LA using 1-docosanol as initiator and succinic
acid 4 as organocatalyst.
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for 4 h and stirred at 250 rpm (Scheme 2). Conversion and
number-average molecular weight (M,) were monitored by "H
NMR. The polymer obtained was dissolved in chloroform
(CHCly), precipitated in cold methanol, recovered by filtration,
and left to dry at room temperature for one night. M, was
calculated by "H NMR with end group analysis. A similar
methodology was used for the synthesis of a-hydroxy-w-docosyl
PLLA homopolymer (Scheme 3).

M, (caled) = 1,468, M,, (NMR) = 1290 (Conv. = 98%), M,
(GPC) = 3015, By = 1.22. IR (cm ™ ") 3442 (v, OH, PCL), 2945 (v,
CH,, PCL), 1721 (v, C=0, PCL), 1161 (v,5, C-(C=0)-0, PCL)).
NMR data for o-hydroxy-w-docosyl PCL homopolymer. '"H NMR
(500 MHz, CDCl;, ppm): 6 4.17 [<(C=0)-CH,-CH,-CH,~CH,-
CH,-0-(C=0)-CH,-C(COOH)(OH)-CH,-(C=0)-OH,  PCL)],
4.06 [CH;~(CH,),;-O~(C=0)-CH,-CH,-CH,~CH,-CH,-O—(C=
O)-, PCL and CH;-(CH,),9-CH,-CH,-O-, 1-docosanol], 3.64
[-(C=0)-CH,-CH,-CH,-CH,~CH,-OH, PCL}, 2.85 [<O~(C=0)-
CH,-C(COOH)(OH)-CH,~(C=0)-OH, citric acid], 2.30 [-(C=
0)-CH,-CH,-CH,-CH,-CH,~O-, PCL, 1.64 [-(C=0)-CH,-CH,-
CH,-CH,-CH,-O-, PCL], 1.58 [CH;~(CH,);o-CH,~CH,-O-, 1-
docosanol], 1.40 [-(C=0)-CH,-CH,-CH,-CH,-CH,-O-, PCL],
1.25 [CH3—(CH,)19-CH,-CH,-O-, 1-docosanol], 0.87
[CH3—(CH,)1o-CH,-CH,-0O-, 1-docosanol].

Synthesis of PCL-PLLA copolymer

In a dried 20 mL vial with hermetic cap, e-caprolactone (CL)
(9 mmol, 1.03 g), -lactide (1-LA) (1 mmol, 0.144 g), 1-docosanol
(1 mmol, 0.326 g) and citric acid as organocatalyst (0.1 mmol,
molar ratio (Mo o1 + [M]o 1-ra)/[I]o/[Cat], = 100/10/1] were
added and heated in an aluminium block at 150 °C for 24 h and
stirred at 250 rpm. Conversion was monitored by "H NMR. The
polymer obtained was dissolved in chloroform (CHCl;),
precipitated in cold methanol, recovered by filtration, and left to
dry at room temperature for one night. Different molar ratios of
CL and 1-LA were used, always maintaining an initial proportion
of 10 mmol (example: for a CL/t-LA ratio = 80%/20%, 8 mmol of
CL and 2 mmol of 1-LA were added).

The average lengths of the lactidyl unit (L, = LLL) and the
caproyl unit (L¢c) were determined from the '*C NMR spectrum
(acquisition time: 18 h) using: L;;, = [LLLLLL + LLLLC + CLLLL +
CLLCJ/[CLLC + }(LLLLC + CLLLL)], and L¢ = [LLCLL + CCLL +
LLCC + CCCJ/[ LLCLL + }(CCLL + LLCC)], where LLLLLL, LLLLC,
CLLLL, CLLC, LLCLL, CCLL, LLCC, and CCC correspond to the
integrated values of signals from triad sequences.*~*

IR (cm™Y) 3516 (v, OH, PLLA), 2938 (45, CH,, PCL), 1747 (v,
C=O0, PCL and PLLA), 1443 (8,5, CH;, PLLA), 1167 (45, C~(C=
0)-0, PCL), 1044 (v,5, O-C-C, PCL), 733 (p, CH,, PCL). NMR data
for PCL-co-PLLA copolymer. "H NMR (500 MHz, CDCl;, ppm):
6 5.13 [<(C=0)-CH(CH3)-O-, PLLA attached to PLLA and [-(C=
0O)-CH(CHj3)-0-(C=0)-(CH,)s-O-, PLLA attached to PCL], 4.32
[-CH(CH,)-OH, PLLA], 4.24 [CH,,~-O-CO-CH(CH,)-O-, 1-doco-
sanol attached to 1-LA], 4.10 [-(C=0)-(CH,),-~CH,-O-(C=0)-
CH(CH3;)-0, PCL attached to PLLA], 3.61 [-(C=0)-(CH,),~CH,-
OH, PCL], 2.38 [(C=0)-CH(CH,)-O-(C=0)-CH,~(CH,),~O-,
PLLA attached to PCL], 2.27 [-(C=O0)-CH,-CH,-CH,-CH,-
CH,-O-, PCL], 1.63 [-(C=0)-CH,-CH,-CH,-CH,-CH,-O-,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PCL], 1.58 [CH;3-(CH,),9-CH,-CH,-0O-, 1-docosanol and -(C=
0)-CH(CH;)-O-, PLLA], 1.38 [-CO-CH,~CH,-CH,-CH,~CH,~
O-, PCL], 1.23 [CH3-(CH,);9-CH,-CH,-O-, 1-docosanol], 0.86
[CH;-(CH,)1o-CH,-CH,-O-, 1-docosanol].

Characterization methods

Nuclear Magnetic Resonance (NMR): 'H and '*C NMR were
recorded at room temperature on Bruker Avance III HD 500
MHz (500 MHz 'H and 125 MHz "*C). CDCl; or DMSO-d,, were
used as solvents, and all spectra were referenced to the residual
solvent CDCI; [6 (ppm) 7.26 (*H) and 77.0 (**C)] or [ (ppm) 2.50
(*H) and 39.52 (**C)]. Fourier Transform Infrared Spectroscopy
(FT-IR): all samples were recorded with an attenuated total
reflectance spectroscopy (ATR) accessory in a PerkinElmer
Spectrum Two FT-IR spectrometer. Differential Scanning Calo-
rimetry (DSC): thermograms were performed in a Q200 TA
instrument. Three scans were obtained with two heating (25-
130 °C and —30-130 °C) and one cooling (130-—30 °C) between
them, at a rate of 10 °C min ' and under a nitrogen purge. Gel
permeation chromatography (GPC): polyester samples were di-
ssolved in THF (5 mg/5 mL) and heated at 37 °C for one hour
before filtration. GPC measurements were determined using an
Agilent Technologies PL-GPC 220 Gel Permeation chromato-
graph, with PLgel 5 um MIXED-D Columns to elute samples at
the flow rate of 1 mL min~ ' HPLC grade tetrahydrofuran (THF).
Polystyrene standards (Polymer Laboratories) were used for
calibration. Polarized Optical Microscopy (POM): POM micro-
graphs were obtained using a Nikon light Eclipse E200 micro-
scope, photographs were taken using iPhone 13 mini. The
samples were mounted on glass slides as a thin film melted at
100 °C and applying manual pressure between the two slides
containing the sample and cover glass. The samples were
cooled at room temperature before analysis. Samples were
collected with a magnification of 40x. Matrix-Assisted Laser
Desorption Ionization Time-of Flight (MALDI-TOF): MALDI-TOF
spectra were recorded in the reflector mode by using a Bruker
Microflex instrument that incorporates a nitrogen laser with
a wavelength of 337 nm in positive polarity accelerated at 20 kV.
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The preparation of the samples and the matrix (dithranol) were
carried out by their dissolution in THF and water/acetonitrile/
trifluoroacetic acid solution (60/40/0.1), respectively. Then,
2 mL of the sample solution were mixed with 5 mL of the matrix
solution. From the resulting mixture, 2 mL was taken and
placed in a stainless-steel plate for 20 minutes to evaporate the
solvent. Reserpine, angiotensin II, melittin and insulin were
used for the calibration.

Results and discussion

Synthesis of poly(e-caprolactone) (PCL) by succinic acid as
organocatalyst

Seven carboxylic acids (Scheme 1) were tested as organocatalysts
for ROP of CL in bulk conditions (Scheme 2). To optimize the
reaction conditions and compare the seven organocatalysts, the
amount of catalyst and temperature were examined as reaction
parameters while using succinic acid 4 as the model organo-
catalyst. This was motivated by reports of succinic acid
promoting ROP of CL.*> To determine the optimal conditions
for both parameters, the conversion was quantified by 'H NMR.

The first parameter evaluated was the amount of catalyst
(succinic acid 4). The reactions were carried out in bulk
conditions at 100 °C and 150 °C for 24 hours with variation of
the initial ratio of monomer (s-CL) to organocatalyst ([M]o/
[Cat]y). As demonstrated in Fig. 1a, the reactions conducted at
150 °C exhibited conversions exceeding 98%, even with the
lowest amount catalytic ([M]o/[Cat], = 100; 0.1 mmol).

A gradual increase of conversion occurred as the tempera-
ture increased from 100 °C to 150 °C, and the optimum
temperature was found to be 150 °C (Fig. 1b). When the reaction
was carried out at this temperature, the highest conversion was
achieved at 12 hours (>98%). At 160 °C and 170 °C, the
maximum conversion was obtained after 8§ and 7 hours,
respectively. Thus, the optimal conditions for the ROP of &-CL in
the presence of succinic acid 4 without initiator were ultimately
found to be T = 150 °C and [M],/[Cat], = 100 (0.1 mmol of
organocatalyst) at 12 h.

(b) "1 A Ao a

80 -

(2]
o
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Conversion (%)
D
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Fig.1 ROP of e-CL ([CL]p = 10 mmol) catalyzed by 4 succinic acid: (a) effect of the amount of catalysts used at 100 °C (open square) and 150 °C
(filled square), and (b) effect of temperature ([M]o/[Catlg = 100, 24 h (from 100-140 °C), 12 h (150 °C), 8 h (160 °C), and 7 h (170 °C)).
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Fig. 2 Semilogarithmic graphics for the ROP of e-CL catalyzed by 4
succinic acid against the reaction time at different temperatures for (a)
without initiator (open figures): k = 6.16 x 10~° s for 150 °C; k = 1.65
x 107* s7 for 160 °C; k = 1.71 x 10~* s~* for 170 °C; and (b) with 1-
docosanol as initiator (filled figures): k =1.31 x 10~* s~ for 150 °C; k =
341 x 10~* s for 160 °C; k = 4.5 x 10~* s~ for 170 °C.

Six experiments were conducted to examine the kinetics of the
ROP of &-CL catalyzed by succinic acid with and without 1-docosa-
nol as initiator. The temperature was varied from 150 to 170 °C. The
profile of the kinetics in Fig. 2 demonstrates good concordance with
a linear dependency, which suggests a pseudo-first-order reaction
with respect to the monomer. A proportional dependency on the
consumption of &-CL was detected as the temperature increased
from 150 to 170 °C. The incorporation of 1-docosanol as the initi-
ator resulted in an increase of almost threefold in the conversion
rate of the monomer (e-CL) (Fig. 2). The results indicated that the
optimal conditions for the ROP of e-CL in the presence of succinic
acid 4 and 1-docosanol as the initiator were 7' = 150 °C and [M]o/[T]o/
[Cat], = 100/10/1 (10 mmol of monomer, 1 mmol of initiator, and
0.1 mmol of organocatalyst) for a duration of 4 h.

Synthesis of poly(g-caprolactone) (PCL) by a family of
carboxylic acids as organocatalysts

Once the optimal conditions for the ROP of &-CL were estab-
lished, ROP reactions with the rest of the carboxylic acids as
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organocatalysts were performed with the conditions established
for succinic acid ([M]y/[I]o/[Cat], = 100/10/1; T= 150 °C; ¢t =4 h).
Three of the carboxylic acids used as organocatalysts (Table 2,
entries 5, 6, and 7) exhibited quantitative conversions with
reduced reaction times in comparison to succinic acid (Table 2,
entry 4). The remaining carboxylic acids [butyric acid 1, cin-
namic acid 2, and adipic acid 3 (entries 1-3)] achieved conver-
sions less than 90%, and butyric acid 1 was the least active
catalyst with only 45% conversion (Table 2, entry 1).

The chemical nature of the PCL homopolymers was deter-
mined by NMR. As an example, Fig. 3 shows the '"H NMR
spectrum of a-hydroxyl-w-docosyl-PCL obtained using citric
acid as the organocatalyst (Table 2, entry 7). The spectrum
shows the characteristic peaks of the repeat unit attributed to
the methylenes of the main chain of the PCL [-CH,-O-,
4.06 ppm (¢), and -CH,—-(C=0)-0-, 2.30 ppm (a)], as well as the
signal for the PCL hydroxyl terminal group [CH,-OH, 3.64 ppm
(¢')]- The incorporation of the 1-docosanol to the PCL chain was
evidenced by the signals of the methylenes of the docosyl main
chain [-CH,-, 1.25 ppm (c)], methylene attached to the PCL
chain [-CH,-O-PCL, 4.06 ppm (a)], and the terminal methyl
[CH;-, 0.87 ppm (d)]. Additionally, signals of methylenes from
citric acid 7 were detected [-CH,-C(OH)-CH,, 2.80 ppm (e)],
which suggests that it was inserted at the end of the PCL chain.

Comparison of the conversion rates revealed the efficacy of
citric acid 7, which achieved 98% conversion at 100 minutes
(Fig. 4, red circle). Fig. 4 shows that there was a decrease in
organocatalytic activity as the pk, value increased, with the most
active molecules being those with a pk, value less than 3.5.
Carboxylic acids function as Brgnsted acids by protonating the
exocyclic oxygen of CL. Thus, a decrease in the acidity of these
molecules corresponded to a reduction in the dissociation
capacity of the acid proton. Therefore, there was a decrease in
the activation of the monomer, which is consistent with prior
observations of the behavior of organic acids as organocatalysts
in the ROP of the CL.>***

The time required to complete the polymerization showed
no direct correlation with the acidity of the most active mole-
cules (citric acid 7, malic acid 6, and fumaric acid 5) (Fig. 4).
Structural analysis of the molecules revealed that organo-
catalytic activity was associated with an increase in carboxylic

Table 2 Ring-opening polymerization (ROP) of &-CL using different organocatalysts®

Entry ocC Time (min) [M]o/[1]o/[Cat], Conv* (%) DPnmr)” M, oz’ (g mol ™) M, gpc” (g mol™?) Py’
1 1 240 100:10:1 45 2.8 650 1810 1.70
2 2 240 100:10:1 88 6.7 1090 2230 1.44
3 3 240 100:10:1 85 6.6 1080 2190 1.49
4 4 240 100:10:1 >98 8.5 1380 2420 1.50
5 5 220 100:10:1 >98 7.9 1230 2240 1.43
6 6 180 100:10:1 >98 8.2 1260 2260 1.48
7 7 100 100:10:1 >98 8.7 1320 2420 1.56
8 "Sn(Oct)z 25 100:10:1 >98 6.8 1110 2990 1.34
9 8 240 100:10:1 60 3.9 770 2390 1.40
10 9 180 100:10:1 >98 7.6 1196 2710 1.46

“ Bulk ROP of &-CL with 1-docosanol as initiator at 150 °C, ratio [M]o/[[]o/[Cat], = 100:10: 1 (mmolar ratio = 10:1:0.1). > Metal-based catalyst.

¢ Determined by '"H NMR. ¢ Determined by GPC.
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Fig. 3 H NMR spectrum at room temperature in CDCls of a-hydroxyl-w-docosyl-PCL obtained using 7 citric acid as organocatalyst (Table 1,

entry 7).

acid (-COOH) functionalities present in the chemical structure
of the organocatalyst. For example, triprotic acid (citric acid 7)
was more active than diacids (malic acid 6, fumaric acid 5, etc.),
which exhibited greater activity than monofunctional acids
(butyric acid 1 and cinnamic acid 2) (Scheme 1). A linear rela-
tionship was observed between the molecular weight and the
conversion percentage (Fig. S3).

The diacid molecules include three molecules with similar
structures (succinic 4, fumaric 5, and malic 6 acids) and one
molecule with a longer chain in its structure (adipic acid 3)
(Scheme 1, orange structures). Increased size of the alkyl group
of the organocatalyst was associated with a decrease in the

100 -
80 - J r~ N
260 - y
< Ju
c
2 3
K} -
g
240 |
o
(@]
r _—~
- Organocatalysts
1 (pk, = 4.82)
20 - 2 (pk, = 4.46)
- —A— 3 (pk, = 4.43)
= M — —w— 4 (pk, = 4.19)
B P - —— 5 (pk, = 3.02)
0 1 | 1 1 1 1 1 1 1 :;::;212
0 20 40 60 80 100 120 140 160 180 200 220 240
Time (min)

Fig. 4 Comparison of the conversion rate at 150 °C of the different
organocatalysts.
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acidity constant (pk, (6) = 3.46 to pk, (3) = 4.43). As previously
established, a lower pk, resulted in greater organocatalytic
activity; therefore, shorter distance between the functionalities
(reduction in the length of the alkyl group) results in greater
organocatalytic activity. A notable tendency related to the
chemical structure was the increase in the organocatalytic
activity with the increase in the number of functional groups in
the carbon skeleton of the organocatalyst. The conversion was
lowest for succinic acid, followed by fumaric acid, malic acid,
and citric acid.

Both acidity and the increase in functional groups were
important factors to consider to select molecules with good
performance as organocatalysts. To validate this perspective,
a pair of molecules analogous to butyric acid 1 (C3;H,CO,H) and
citric acid 7 [HOC3H,(CO,H);] were evaluated as organo-
catalysts for the ROP of CL: levulinic acid 8 (OC,H,CO,H) and
tricarballylic acid 9 [C;H5(CO,H);], respectively (Scheme 4 and
Table 2, entry 9 and 10). Fig. 5 shows that there was a reduction
in organocatalytic activity for tricarballylic acid 9 in comparison
to citric acid 7, which is attributable to the absence of a hydroxyl
group in its chemical structure. The conversion -curve
resembled the behavior of malic acid 6, despite the fact that
malic acid 6 is more acidic (pk, = 3.46) than tricarballylic acid 9
(pks = 3.78).

o] HO,
o) %5
OH
o HO OH
8 9
pk,=4.64 pk,=3.78

Scheme 4 Structure of 8 levulinic acid, and 9 tricarballylic acid.
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Fig. 5 Comparison of the conversion rate at 150 °C of molecules
analogous to citric and butyric acids.

In the case of levulinic acid 8, a ketone-type functionality
appears compared to butyric acid 1. The results showed a slight
increase in the organocatalytic activity in comparison to the
analogous butyric acid 1. This supports the significance of the
hydroxyl-type functionality in the structure of organocatalysts
and underscores the importance of the acidity of the molecules,
with higher efficacy observed for organocatalysts with pk, values
less than 4, as discussed previously.

The catalytic efficiency was found to be directly related to
both the acidity and number of carboxylic acid groups present
in the organocatalyst. Acids with pk, values below 4, like citric
acid 7 and tricarballylic acid 9, produced higher conversion
rates compared to less acidic monocarboxylic acids such as
butyric acid 1 (Fig. 5). This effect can be explained by the
formation of hydrogen-bonding interactions between the acid
and both the initiator and monomer. The structure-activity
relationship showed that functional group density had
a stronger influence on kinetics than acid strength by itself.
This was an important difference between carboxylic acids and
phosphorus-based Brgnsted acids, where proton-shuttling is
typically observed.*> Multicarboxylic acids have been shown to
promote networked hydrogen-bonding interactions, thereby
accelerating monomer activation and propagation.*

Despite the predominant focus on organocatalysis as an area
of research, organometallic catalysts maintain a significant role

HO_0O
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in the preparation of polymeric compounds. Tin(u) 2-ethyl-
hexanoate (Sn(Oct),) is one of the most widely used compounds
in the ROP of different lactones. To compare carboxylic acids as
organocatalysts with a metallic system, ROP reaction for CL was
performed using Sn(Oct), as a catalyst and compared to citric
acid 7 as an organocatalyst. The Sn(Oct),-catalyzed system
exhibited first-order behavior with respect to the monomer. A
value of k£ = 3.1 x 10> s ! was obtained, which indicated that
the reaction was almost 4 times faster when Sn(Oct), was used
in comparison to citric acid (k = 7.9 x 10~* s7") (Fig. S2). This
behavior was consistent with the established mechanism of
Sn(Oct),-catalyzed polymerizations, which have been reported
to proceed through the formation of an alkoxide, a more
nucleophilic species than neutral alcohols.

As discussed previously, carboxylic acid activity in the ROP of
lactones is attributed to the formation of adducts between the
acid proton of the organocatalyst and the exocyclic oxygen of the
lactone (activated monomer mechanism). The chemical structure
of the organocatalyst determines the mechanism through which
it functions, with the potential to act through a bifunctional
mechanism.*> Scheme 5 exhibits a proposal for a bifunctional
mechanism involving carboxylic acid and alcohol concomitant
interaction with the lactone. In the first step, the carbonyl group
of the lactone is activated through hydrogen bonding interac-
tions with succinic acid (carboxylic acid organocatalyst). This
activation increases the electrophilicity of the carbonyl carbon
and facilitates the nucleophilic attack of the alcohol (initiator).

This attack generates a tetrahedral intermediate, which is
stabilized by proton transfer processes that are mediated by the
acid catalyst. Subsequent collapse of the intermediate results in
scission of the ester bond within the lactone ring, which leads to
ring opening. The final product of this transformation is the
linear ester.

Differential scanning calorimetry (DSC) was performed to
analyze the thermal properties of PCL-derived oligomers. A
recurring pattern of melting temperatures (7;,) was observed
with values ranging from 45 to 48 °C. The lowest T,, was
observed for PCL homopolymers with the lowest conversion
rates (Table S1). These low Ty, values were attributed to the
formation of oligomers.

Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) analysis was used to visualize repeating units
and terminal groups and confirm the chemical nature of the
PCL homopolymer. Fig. 6 presents the MALDI-TOF spectrum of
a-hydroxyl-w-docosyl-PCL (Table 2, entry 4). The spectrum

Scheme 5 Possible bifunctional mechanism of the ROP of CL using 4 succinic acid as an organocatalyst.
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exhibited a characteristic curve that corresponded to the
molecular weight distribution of a PCL oligomer. Furthermore,
it showed signals that were separated by 114 mass units, which
corresponded to the molecular weight of the CL monomer. The
theoretical values of M, were calculated with the following
formula: M = 326.61 (M,, of C,,OH) + DPp¢y, X 114.14 (M,, of &-
CL) + 23 (Na*) or M = 326.61 (M,, of C,,OH) + DPpc;, x 114.14
(M,, of &CL) + 39 (K"). For a-hydroxyl-w-docosyl-PCL (Table 2,
entry 4) DP corresponded to 8.5, considering rounded DP values
of 9 resulted in theoretical values of 1376.8 (with Na"*) or 1392.9
(with X"). This being similar and consistent with the values
labeled as 9? at the top of Fig. 6b, and to M,, obtained by NMR of
Table 2 (1380 g mol ). M,, GPC values (Table 2) being approx-
imately double the value of M, (NMR). This is relatively
common due to the polystyrene standards used in the calibra-
tion curve.

An expanded view of Fig. 6a is shown in Fig. 6b. More intense
fragments are indicated by bold numbers at the top of the
MALDI-TOF curve, which corresponds to a degree of polymeri-
zation (DP) of 7 to 9 (doped with Na") of the PCL initiated with 1-
docosanol. The fragments indicated with underlined numbers
correspond to DP from 10 to 12 (doped with Na') of the PCL

(a)
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initiated with water present in the reaction media. Two other
types of anions were observed through MALDI-TOF in addition
to PCL initiated with 1-docosanol and PCL initiated with water.
Anion 1 was consistent with a molecule of succinic acid that was
either attached at the end of the PCL chain or positioned
between two PCL molecules. Conversely, anion 2 was exclusive
to the PCL chain, as indicated in Fig. 6.

It is common the presence of discrepancies of less than 1 Da
between the labels in Fig. 6b and the corresponding data in the
table of theorical values below. These differences are attributed
to analyzer resolution and calibration accuracy.>**° This does
not affect the correct assignment of fragments or structural
interpretation.

ROP of 1-LA using three different organocatalysts derived from
carboxylic acids

Prior to the first exploration of copolymerization reactions, the
efficiency of the organocatalysts in the homopolymerization of
1-LA was evaluated. ROP of 1-LA was conducted using the same
conditions as those of CL ([M]/[I]o/[Cat], = 100/10/1; T = 150 °
C). Organocatalysts butyric acid 1, succinic 4, and citric acid 7
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Fig. 6 MALDI-TOF spectra (reflector mode)-hydroxyl-w-docosyl-PCL. Where the numbers correspond to the DP of g-caprolactone (CL) [-
CO(CH,)50-], units in the homopolymer initiated with C,,OH (bold) and initiated with water (underlined). (a) Complete view from 700-2500 m/
z fragments. (b) Expanded view from 1100-1480 m/z fragments doped with Na*. PCL initiated by H,O is illustrated in Scheme S1 (see SI).
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Table 3 Ring-opening polymerization (ROP) of L-LA using three of the
organocatalysts®

Conversion® (%)

Entry Time (h) 7 4 1

1 12 41 41 41
2 24 79 81 70
3 36 88 92 90
4 48 97 96 93
5 60 97 97 96
6 72 98 98 97

¢ Bulk ROP of 1-LA with 1-docosanol as initiator at 150 °C, ratio [M]°/[1]°/
[Cat]’ = 100:10: 1 (mmolar ratio = 10:1: 0.12. Organocatalysts used: 7
citric acid, 4 succinic acid, and 1 butyric acid. * Determined by "H NMR.

were used to determine whether the same pattern was appliable
(Table 3).

After 4 hours of reaction, the conversion was only a little
more than 10%, so the reaction was allowed to occur for 12
hours. The reaction times were also extended to 72 hours to
obtain conversion comparable to that for CL (98-99%).

In the case 1-LA, the organocatalytic activity was independent
of the chemical structure, the number of functionalities, and
the presence of additional functional groups of the organo-
catalyst. In contrast, the kinetics of polymerization was char-
acterized by overlapping results, as shown in Fig. 7.

For &-CL, carboxylic acids with pk, < 4 and organocatalysts
with multiple functional groups increase the electrophilic acti-
vation of the carbonyl group.®* In contrast, ROP of 1-LA exhibi-
ted a weaker dependence on pk, and catalysts functionality.
This could be attributed to the steric rigidity of the lactide ring,
and the steric hindrance of the methyl group at the propagating
chain end.”” The interaction between the organocatalytic
molecules such as carboxylic acids and CL was favored due to
the absence of a methyl branch in the CL in comparison with t-
LA. 1-LA interaction with the organocatalytic species was at
a relative long distance due to the steric hindrance (just
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=
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20
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—&— Succinic acid (4)
—— Butyric acid (1)
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Fig. 7 Conversion (%) versus time (h) for the ROP of L-LA using three
different carboxylic acids as organocatalysts.
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providing protons in terms of Brensted acid), where the same
kinetic behavior in the ROP of -LA was observed. The nucleo-
philic attack for the ROP of 1-LA may be restricted by steric
hindrance of the methyl group in the a-position of the carbonyl
of the monomer. In this sense, the organocatalysis system also
can cause side reactions, like epimerization or cyclic oligomer
formation.*”*® This effect has been seen before in the process of
lactide polymerization catalyzed by Lewis-acids and other
organocatalysts, where also bifunctional mechanisms were
followed.* For &-CL and 1-LA ROP, the rate-determining step is
primarily governed by carbonyl activation. In the case of 1-LA
ROP, the carbonyl activation was slower due to the steric
interference of methyl group. Then, the formation of
a hydrogen bond to the carbonyl of 1-LA, resulted in a more
stabilized transition state leading to a slower conversion rate
disregarding the acidity or functionality of the organocatalyst.®

The "H NMR result of a-hydroxyl-w-docosyl-PLLA in Fig. 8
shows characteristic peaks of the methine and methylenes of
the repeating unit of PLLA [-CH(CHj3)-O-, 5.18 ppm (e), and -
CH(CHj3)-0-, 1.56 ppm (f), respectively]. There was also a signal
for the PLLA hydroxyl terminal group [-CH(CH;)-OH, 4.33 ppm
(2)]- The signals also correspond to methylenes of the docosyl
main chain [-CH,-, 1.24 ppm (c)], methylene attached to the
PLLA chain [-CH,-O-PLLA, 4.09 ppm (a)], and the terminal
methyl [CH;-, 0.86 ppm (d)], and the incorporation of the 1-
docosanol in the PLLA chain.

Random PCL-co-PLLA copolymers

To obtain copolymers from CL and 1-LA, reaction mixtures were
prepared using the molar ratios established for homopolyme-
rizations ([M]o/[I]o/[Cat], = 100/10/1). The initial monomer
proportion was 10 mmol, which corresponded to the sum of the
amounts of CL and 1-LA. No significant variations were observed
among the organocatalysts in the homopolymerization of 1-LA,
but citric acid was selected for its notable performance in the
ROP of CL. Six copolymerization reactions were carried out
using different molar ratios of CL and 1-LA (Table 4). In all
cases, the conversion of CL was greater than 98% after 24 hours.

f

0 fb
Bl O{‘n/L g OH
c’19 a eot)K(
0

h

| g a )4 I

50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08
Chemical shit (ppm)

Fig. 8 H NMR spectrum at room temperature in CDCls of a-
hydroxyl-w-docosyl-PLLA obtained using citric acid as organocatalyst.
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Table 4 Copolymerization of e-CL and L-LA using 7 citric acid as an
organocatalyst®

Conversion” Composition”
Feed (% mol) (%) (%)
Entry CL L-LA CL L-LA CL L-LA
1 95 5 99 94 97 3
2 90 10 99 94 95 5
3 80 20 99 94 89 11
4 70 30 99 92 82 18
5 60 40 99 92 72 28
6 50 50 99 91 63 37

@ ROP in bulk. [M]/[T]o/[Cat]o = 100/10/1. [M], = 10 mmol. T= 150 °C t =
24 h. ? Determined by "H NMR.

In the case of .-LA, the conversions never exceeded 95% even
with higher proportions of -LA. This disparity in conversion
between the two monomers was evident in the final composi-
tion of the copolymer, which showed an imbalance of approx-
imately 10% of each monomer with respect to the initial feed.
For example, when the initial feed consisted of 80% CL and 20%
L-LA, the final composition was 89% CL and 11% 1-LA (Table 4,
entry 3). This pattern was replicated for the rest of the reactions
where the initial feed of 1-LA was greater than 10% (Table 4,
entries 3-6). For the two reactions in which the initial feed of 1-
LA was 5% and 10%, the final compositions of the monomers in
the final polymer were 3% and 5%, respectively (Table 4, entries
1 and 2).

The chemical composition of the copolymers was charac-
terized by 'H and '*C NMR, which provided a comprehensive
analysis of the molecular structures. Fig. 9 presents the "H NMR
spectrum for PCL-co-PLLA (50-50%) (Table 4, entry 6), which
demonstrated the copolymerization of CL and 1-LA through
ROP. Three categories of sequences were identified in addition
to the primary structure of the copolymer: (1) homo-sequences

f
d b a y € o
0] e 0
c®a g B . 0 m

' a' €
e
4.36 4.34 4.32 430 4.28  4.26 4.24 4.22 4.20 i62 360 338 (936
Chemical shift (ppm) Chemicai shift (ppm)

Chemical shift (ppm)

€,a
A a
A |
e ()
_Ea e a/-\}\ & .JJ'\

View Article Online

RSC Advances

corresponded to signals indicating the attachment of (CL)-(CL)
and (1-LA)—(1-LA). (2) Hetero-sequences as indicative of the
union of CL unit to a t-LA unit, either the terminal hydroxyl of
the CL attacked the carbonyl carbon of a L-LA molecule or vice
versa. Consequently, the signals that were affected in the 'H
NMR spectrum were the signals of the methylenes or methines
adjacent to the carbonyl carbon or the oxygen at the propaga-
tion end. (3) Terminal groups exhibited chain ends. Examples
include a low-intensity peak corresponding to the methylene of
docosyl attached to an 1-LA [ C,,0-CO-CH(CH,3)-O-, 4.22 ppm
(@], signals of the terminal methylene of PCL [-CH,-OH,
3.60 ppm (¢')], and a peak for the terminal methine of an r-LA
unit [-CH(CH3)-O-, 4.31 ppm (€’)]. The latter signal was more
intense, which indicated that a greater number of chains had o-
hydroxyl terminal ends that corresponded to L-LA units.

The predominance of chains that had -LA terminal ends was
consistent with the reduced rate of 1-LA conversion relative to
CL. This phenomenon can be attributed to the premature
consumption of CL, which resulted in 1-LA as the final
constituent to be incorporated into the polymer chain. The
terminal end of 1-LA was a secondary alcohol, and this struc-
tural feature influenced the propagation kinetics due to steric
effects. Therefore, these propagation ends were consumed at
a slower rate compared to the propagation ends of CL, which
were primary alcohols.®

A powerful tool for determining each type of monomer
sequence present in the copolymer is *C NMR, particularly the
signal region corresponding to the carbonyl carbons (165-175
ppm). A variety of potential sequences were identified,
including one that demonstrated the occurrence of trans-
esterification reactions, such as CLLLC (C = caproyl unit; L =
lactidyl unit) at 169.75 ppm (Fig. S4). Finally, the average
lengths of the lactide (LLL) and caprolactone (CL) units were
evaluated only for PCL-co-PLLA (50-50%) (Table 4, entry 6), and
respective values of 1.8 and 2.9 were obtained (see Experimental
section). It has been established that for perfectly random
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Fig. 9 H NMR spectrum (500 MHz) at room temperature in CDCls of PCL-co-PLLA (50-50%) (Table 3, entry 6).
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copolymers, these values must be equal to 2. However, this was
not the case, and the results indicated that a random block
copolymer was obtained.

Fourier transform infrared spectroscopy (FT-IR) analysis was
conducted on all prepared copolymers. Very slight changes were
observed as the feed of 1-LA increased in the reaction mixture,
and the most evident changes were noted in the fingerprint
region from 800 to 1200 cm™ ' (Fig. S5). This region of the
spectrum contained bands corresponding to the -C-O-C-and -
C-(C=0)-0- groups present in both polymers. A slight broad-
ening of the band was observed for the copolymers (Fig. S5b-d)
with respect to the homopolymers (Fig. S5a and b). However, the
band never became bimodal since the signals of both carbonyls
overlapped at a similar wave number, even with equimolar
feeds of both monomers.

The thermal properties of these copolymers were analyzed
using DSC. In all cases, the melting temperatures (Ty,) varied
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Fig. 10 DSC thermograms of copolymers: (a) w-Cy,-PCL-co-PLLA at
different reaction mixtures, and (b) PCL-co-PLLA varying the terminal
end (szo— or C70—).
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slightly between 40 and 46 °C with no apparent pattern.
However, a noticeable trend emerged as the percentage of 1-LA
in the final copolymer composition increased: the melting
enthalpies (AH,,) simultaneously decreased. AH,,s decreased
from 113 J g~ for PCL to only 56 ] g~ for the copolymer con-
taining 50% mol of L-LA (Table S2). .-LA has been observed to
interfere with the crystalline microdomain in the PCL homo-
polymer (Fig. 10a).

Broadening of the T, signal was observed as the percentage
of L-LA increased in the copolymers, even with multimodal
melting peaks. This suggested that higher percentages of 1-LA
contributed to the amorphous phase of the material or gener-
ated distortion in the crystalline microdomain of the PCL.
Previous works on the synthesis of these copolymers reported
the formation of fully amorphous materials, even with low feed
percentages of L-LA (10 mol%).***>* This phenomenon led to
the hypothesis that the semi-crystalline behavior of the material
in our samples was attributable to the initiator fraction
(C,,0H), which might be functioning as a nucleation agent or
preserving its own crystalline microdomain (C,,, aliphatic
chain), despite being a component of a copolymer. This would
be due to the large size of the aliphatic chain that it contains.
Therefore, the multimodal behaviors of the thermograms may
be attributable to the presence of distinct crystalline micro-
domains of the docosyl group fraction (C,,), which may be
surrounded by different sections of the copolymer that melt
sequentially at different temperatures.

A series of additional experiments were conducted to
substantiate this theory. In these experiments, an aliphatic
alcohol with a smaller chain, 1-heptanol (C,;OH), was used as
the initiator in the copolymerization reaction. The reaction was
carried out under the previously described conditions, and
a copolymer with a CL: L-LA ratio of 57 : 43 was obtained after 24
hours. This copolymer was designated as w-C;-PCL-co-PLLA,
and DSC analysis indicated a completely amorphous material
with no T, present in the thermogram (Fig. 10b). These
experiments validated the hypothesis that the semicrystalline
behavior of the copolymers was attributable to the docosyl (C,,)
terminal fraction. Moreover, the results indicated that different
crystalline microdomains can have different T,,, based on their
surrounding chemical environment.

The physical form of the 1-docosanol, homopolymers, and
copolymers was visualized by polarized optical microscopy
(POM), as shown in Fig. 11. Larger 1-docosanol spherulites were
observed (Fig. 11a) in comparison with the PCL or PLLA
homopolymers (Fig. 11b and c¢). The PCL-co-PLLA copolymers
presented small spherulites that resembled those observed in
homopolymers (Fig. 11d-h). In contrast, the POM of a copol-
ymer with a heptyl group (C5) revealed no morphologies indic-
ative of crystalline regions or amorphous material (Fig. 11i),
which aligns with the thermal results with the absence of Ty,.

These observations reinforced the idea that the semi-
crystalline behavior of the copolymers can be attributed to the
docosyl (C,,) terminal end. This finding was consistent with the
report by Baez et al.* on monodisperse oligomers of w-C,,-PCL,
where the size of the monomer and dimer spherulites decreased
compared to those observed in the C,,OH sample. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Polarized light microscopy (POM, 40x magnification) of (a) 1-
docosanol (Cx,0H), (b) w-Cy-PCL, () w-Cyp-PLLA, (d) w-Cp-PCL-
co-PLLA 90-10, (e) w-Cy,-PCL-co-PLLA 80-20, (f) w-Cy,-PCL-co-
PLLA 70-30, (g) w-Cpz-PCL-co-PLLA 60-40, (h) »w-Cy,-PCL-co-PLLA
50-50, (i) w-C7-PCL-co-PLLA 50-50.

observation suggests that the C,, content influences the size of
the spherulites in the polymers. This implies that this terminal
group functions as a nucleation agent that promotes semi-
crystalline behavior of the copolymers obtained using C,,OH
as an initiator.

Conclusions

A series of seven carboxylic acids were used as organocatalysts
in the ROP of CL and 1-LA and their copolymerization. The use
of an aliphatic alcohol, 1-docosanol (C,,0H), as an initiator has
been demonstrated to accelerate the polymerization reaction
rate and control the degree of polymerization (DP). The most
efficient organocatalysts for the ROP of CL were those with pk,
values less than 4.

The reaction rates of the organocatalysts were proportional
to the density of functional groups in their chemical structures,
which was most evident for hydroxyl and carboxylic acid func-
tionalities. Furthermore, the reaction rate was proportional to
the amount of carboxylic acids present in the organocatalyst.
The organocatalytic activity was highest for (COOH); [citric acid]
(conversion =>98% time = 1 h 40 min, T = 150 °C), followed by
(COOH), [succinic acid] (conversion = >98% time =4 h, T=150
°C) and COOH [butyric acid] (conversion = 45% time =4 h, T =
150 °C). In the case of ROP of 1-LA, the conversion was inde-
pendent of the number of carboxylic acids present in the
organocatalyst: (COOH); [citric acid] = (COOH), [succinic acid]
= COOH [butyric acid].

PCL-co-PLLA random copolymers were synthesized using
citric acid as the organocatalyst and C,,OH as the initiator. The
insertion of both monomers was determined, and the

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

formation of various possible hetero-sequences was observed.
Systematic increase in the -LA fraction in the copolymerization
reaction resulted in a decrease in the melting enthalpy (AH,,,) of
the copolymer. However, despite high proportions of L-LA in the
polymer structure, it never became amorphous. The semi-
crystalline behavior of the copolymers can be attributed to the
C,,0-(C=0)-PCL terminal group. The substitution of C,,OH
with 1-heptane (C;OH) as the initiator during the preparation of
the 50-50 copolymer (PCL-co-PLLA) resulted in complete
amorphous behavior of the copolymer C,O-PCL-co-PLLA
according to the calorimetry and microscopy analyses.

Author contributions

Juan Pablo Aldaba-Ramos: investigation, characterization, vali-
dation, formal analysis. Miriam Paola Barrera-Nava: character-
ization,  writing-original ~ draft. José Bonilla  Cruz:
characterization, financial support. Aurelio Ramirez Hernan-
dez: characterization, financial support. Alejandro Aparicio
Saguilan: characterization, financial support. José E. Baez:
conceptualization, supervision, characterization,
original draft, writing - review, funding acquisition.

writing-

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of
the suppplementary information (SI). Supplementary informa-
tion is available. See DOI: https://doi.org/10.1039/d5ra07333b.

Acknowledgements

J. E. B. thanks to Consejo Nacional de Humanidades Ciencia y
Tecnologia (CONAHCYT) grant: CF-2023-1-2233, CONACYT-
SENER 177007, Sistema Nacional de Investigadores (SNI 2),
Laboratorio Nacional de Caracterizacion de Propiedades Fisi-
coquimicas y de Estructura Molecular (LACAPFEM), and
University of Guanajuato (UG). Juan Pablo Aldaba-Ramos would
thank the Consejo Nacional de Ciencia y Tecnologia (CON-
ACYT) for the scholarship (No. 1081614). This article is dedi-
cated in memory of Eduardo Baez Ramirez and Rogelio Baez
Montalbo.

Notes and references

1 C.-H. Huang, F.-C. Wang, B.-T. Ko, T.-L. Yu and C.-C. Lin,
Macromolecules, 2001, 34, 356-361.

2 Y. Shen, Z. Shen, F. Zhang and Y. Zhang, Polym. J., 1995, 27,
59-64.

3 A. L. Chin, X. Wang and R. Tong, Macromol. Bioscti., 2021, 21,
2100087.

4 N. A. Asri, N. A. A. Sezali, H. L. Ong, M. H. Mohd Pisal,
Y. H. Lim and J. Fang, Macromol. Rapid Commun., 2024, 45,
2400475.

RSC Adv, 2025, 15, 43106-43119 | 43117


https://doi.org/10.1039/d5ra07333b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra07333b

Open Access Article. Published on 06 November 2025. Downloaded on 3/13/2026 9:36:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

5 A.-C. Albertsson and I. K. Varma, Adv. Polym. Sci., 2002, 1-40.
6 Y.-M. Tu, X.-M. Wang, X. Yang, H.-Z. Fan, F.-L. Gong, Z. Cai
and J.-B. Zhu, J. Am. Chem. Soc., 2021, 143, 20591-20597.

7 S. Gao, G. Tang, D. Hua, R. Xiong, J. Han, S. Jiang, Q. Zhang

and C. Huang, /. Mater. Chem. B, 2019, 7, 709-729.

8 For a selection of articles see: tin catalysts: (a) A. P. Dove,
V. C. Gibson, E. L. Marshall, H. S. Rzepa, A. J. White and
D. J. Williams, J. Am. Chem. Soc., 2006, 128, 9834-9843; (b)
S. Penczek, A. Duda, A. Kowalski, J. Libiszowski,
K. Majerska and T. Biela, Macromol. Symp., 2000, 157, 61-
70; (¢) N. Nimitsiriwat, V. C. Gibson, E. L. Marshall,
A. ]J. White, S. H. Dale and M. R. Elsegood, Dalton Trans.,
2007, 4464-4471; (d) V. Poirier, T. Roisnel, S. Sinbandhit,
M. Bochmann, J. F. Carpentier and Y. Sarazin, Chem.-Eur.
J., 2012, 18, 2998-3013; (¢) O. F. Gonzalez-Belman,
J. O. C. Jiménez-Halla, G. Gonzalez and J. E. Baez, RSC
Adv., 2024, 14, 34733-34745. Aluminum catalysts: ; (f)
T. Ouhadi, C. Stevens and P. Teyssié, Makromol. Chem.,
Suppl., 1975, 1, 191-201; (g) P. Dubois, C. Jacobs, R. Jérome
and P. Teyssie, Macromolecules, 1991, 24, 2266-2270; (h)
J. Koller and R. G. Bergman, Organometallics, 2011, 30,
3217-3224; (i) H. Huang, B. Wang, X. Chen, L. Pan and
Y. Li, J. Polym. Sci., Part A:Polym. Chem., 2019, 57, 973-981.
Zinc catalysts: ; (j) V. W. Dittrich and R. C. Schulz, Angew.
Makromol. Chem., 1971, 15, 109-126; (k) T. Tsuruta,
K. Matsuura and S. Inoue, Makromol. Chem., 1964, 75, 211-
214; (I) Y. F. Al-Khafaji, M. R. J. Elsegood, J. W. A. Frese
and C. Redshaw, RSC Adv., 2017, 7, 4510-4517; (m)
D. Appavoo, J. L. van Wyk, L. C. Spencer, I. A. Guzei and
J. Darkwa, Results Chem., 2022, 4, 100261. Molybdenum
catalysts: ; (1) Y. Maruta and A. Abiko, Polym. Bull., 2014,
71, 989-999; (0) W. Yang, K.-Q. Zhao, C. Redshaw and
M. R. J. Elsegood, Dalton Trans., 2015, 44, 13133-13140; (p)
J. E. Baez, A. Marcos-Fernandez, R. Lebrén-Aguilar and
A. Martinez-Richa, Polymer, 2006, 47, 8420-8429; (q)
T. Xing, M. R. J. Elsegood, S. H. Dale and C. Redshaw,
Catalysts, 2021, 11, 1554.

9 O. Mitxelena-Iribarren, M. Riera-Pons, S. Pereira, F. J. Calero-
Castro, J. M. Castillo Tufién, J. Padillo-Ruiz, M. Mujika and
S. Arana, Polym. Bull., 2022, 80, 7763-7778.

10 K. N. Robles, F. tuz Zahra, R. Mu and T. Giorgio, Polymers,
2024, 16, 2853.

11 B. Zhu, Y. Chen, W. Lu, Q. Zhang, S. Gao, L. Sun, S. Chen and
R. Hu, J. Drug Delivery Sci. Technol., 2022, 67, 102955.

12 K. H. Lam, A. ]J. Nijenhuis, H. Bartels, A. R. Postema,
M. F. Jonkman, A. J. Pennings and P. Nieuwenhuis, J. Appl.
Biomater., 1995, 6, 191-197.

13 E. Waris, Y. T. Konttinen, N. Ashammakhi, R. Suuronen and
S. Santavirta, Expert Rev. Med. Devices, 2004, 1, 229-240.

14 K. Feng, H. Sun, M. A. Bradley, E. J. Dupler, W. V. Giannobile
and P. X. Ma, J. Controlled Release, 2010, 146, 363-369.

15 N. Mulchandani, A. Gupta, K. Masutani, S. Kumar,
S. Sakurai, Y. Kimura and V. Katiyar, ACS Appl. Polym.
Mater., 2019, 1, 3354-3365.

16 M. Lebourg, J. S. Anton and J. L. G. Ribelles, Eur. Polym. ]J.,
2008, 44, 2207-2218.

43118 | RSC Adv, 2025, 15, 43106-43119

View Article Online

Paper

17 D. Cohn and A. Hotovely Salomon, Biomaterials, 2005, 26,
2297-2305.

18 M. C. Tanzi, P. Verderio, M. G. Lampugnani, M. Resnati,
E. Dejana and E. Sturani, /. Mater. Sci.: Mater. Med., 1994,
5, 393-396.

19 W. N. Ottou, H. Sardon, D. Mecerreyes, J. Vignolle and
D. Taton, Prog. Polym. Sci., 2016, 56, 64-115.

20 M. A. Igbal, A. Mahmood, W. Al-Masry, C. H. Park,
S. U. Hassan and T. Akhter, Polym. Chem., 2024, 15, 4244~
4254,

21 N.]J. Sherck, H. C. Kim and Y.-Y. Won, Macromolecules, 2016,
49, 4699-4713.

22 S. Moins, S. Hoyas, V. Lemaur, B. Orhan, K. Delle Chiaie,
R. Lazzaroni, D. Taton, A. P. Dove and O. Coulembier,
Catalysts, 2020, 10, 620.

23 B. G. G. Lohmeijer, R. C. Pratt, F. Leibfarth, J. W. Logan,
D. A. Long, A. P. Dove, F. Nederberg, J. Choi, C. Wade,
R. M. Waymouth and J. L. Hedrick, Macromolecules, 2006,
39, 8574-8583.

24 L. Wang, Y. Liu, Y. Shen and Z. Li, Polym. Chem., 2024, 15,
3832-3846.

25 Y. Shibasaki, H. Sanada, M. Yokoi, F. Sanda and T. Endo,
Macromolecules, 2000, 33, 4316-4320.

26 M. S. Kim, K. S. Seo, G. Khang and H. B. Lee, Macromol.
Rapid Commun., 2005, 26, 643-648.

27 S. Gazeau-Bureau, D. Delcroix, B. Martin-Vaca, D. Bourissou,
C. Navarro and S. Magnet, Macromolecules, 2008, 41, 3782-
3784.

28 A. Couffin, B. Martin-Vaca, D. Bourissou and C. Navarro,
Polym. Chem., 2013, 5, 161-168.

29 D. Bourissou, B. Martin-Vaca, A. Dumitrescu, M. Graullier
and F. Lacombe, Macromolecules, 2005, 38, 9993-9998.

30 H. Wang, W. Wu, Z. Li, X. Zhi, C. Chen, C. Zhao, X. Li,
Q. Zhang and K. Guo, RSC Adv., 2014, 4, 55716-55722.

31 K. Makiguchi, T. Satoh and T. Kakuchi, Macromolecules,
2011, 44, 1999-2005.

32 D. Delcroix, A. Couffin, N. Susperregui, C. Navarro, L. Maron,
B. Martin-Vaca and D. Bourissou, Polym. Chem., 2011, 2,
2249.

33 S. Kan, Y. Jin, X. He, J. Chen, H. Wu, P. Ouyang, K. Guo and
Z. Li, Polym. Chem., 2013, 4, 5432.

34 E. Oledzka and S. S. Narine, J. Appl. Polym. Sci., 2010, 119,
1873-1882.

35 F. Sanda, H. Sanada, Y. Shibasaki
Macromolecules, 2001, 35, 680-683.

36 P. V. Persson, ]J. Casas, T. Iversen and A. Cordova,
Macromolecules, 2006, 39, 2819-2822.

37 J. Casas, P. V. Persson, T. Iversen and A. Cordova, Adv. Synth.
Catal., 2004, 346, 1087-1089.

38 L. Mezzasalma, J. De Winter, D. Taton and O. Coulembier,
Green Chem., 2018, 20, 5385-5396.

39 J. Xu, J. Liu, Z. Li, X. Li, C. Chen, C. Zhao, S. Xu, X. Pan, J. Liu
and K. Guo, Polym. Chem., 2016, 7, 1111-1120.

40 Z. Xu and L. Jiang, Compr. Biotechnol., 2011, 207-215.

41 National Center for Biotechnology Information, PubChem
Compound Summary for CID 444539, Cinnamic Acid,

and T. Endo,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra07333b

Open Access Article. Published on 06 November 2025. Downloaded on 3/13/2026 9:36:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

PubChem, https://pubchem.ncbi.nlm.nih.gov/compound/
Cinnamic-Acid, accessed 13 Oct 2025.

42 C. Andersson, J. Helmerius, D. Hodge, K. A. Berglund and
U. Rova, Biotechnol. Prog., 2009, 25, 116-123.

43 G. Révész, P. Hajos and H. Csiszar, J. Chromatogr. A, 1996,
753, 253-260.

44 Sigma-Aldrich, 1-(—)-Malic acid (product no. M1000), CAS 97-
67-6, https://www.sigmaaldrich.com/MX/es/product/sigma/
m1000?srsltid=AfmBOoof8ndM82usFbbGp
HyuBWzZbl4IqQVBhTQ-0rGZJnHrXfwvml7B, accessed 13
Oct. 2025.

45 National Center for Biotechnology Information, PubChem
Compound Summary for CID 196, Adipic Acid, PubChem,
https://pubchem.ncbi.nlm.nih.gov/compound/Adipic-Acid,
accessed 13 Oct. 2025.

46 A. E. Martell and R. M. Smith, Critical Stability Constants,
1982, 284-332.

47 National Center for Biotechnology Information, PubChem
Compound Summary for CID 11579, Levulinic Acid,
PubChem, https://pubchem.ncbi.nlm.nih.gov/compound/
Levulinic-Acid, accessed 13 Oct 2025.

48 J. A. Schwarz, Cr. Contescu, V. T. Popa, A. Contescu and
Y. Lin, J. Solution Chem., 1996, 25, 877-894.

49 D. Dakshinamoorthy and F. Peruch, J. Polym. Sci., Part
A:Polym. Chem., 2012, 50, 2161-2171.

50 J. Kasperczyk and M. Bero, Makromol. Chem., 1991, 192,
1777-1787.

51 J. Kasperczyk and M. Bero, Makromol. Chem., 1993, 194, 913—
925.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

52 Q. Zhang, B. Wang, K. Hong and Q. Zhu, Macromol. Chem.
Phys., 1994, 195, 2401-2407

53 Y. Song, L. Liu, X. Weng and R. Zhuo, J. Biomater. Sci., Polym.
Ed., 2003, 14, 241-253.

54 W. C. Wiley and I. H. McLaren, Rev. Sci. Instrum., 1955, 26,
1150-1157.

55 M. Vestal and P. Juhasz, J. Am. Soc. Mass Spectrom., 1998, 9,
892-911.

56 Y. Wang and M. Gu, Anal. Chem., 2010, 82, 7055-7062.

57 C. Jehanno, L. Mezzasalma, H. Sardon, F. Ruipérez,
0. Coulembier and D. Taton, Macromolecules, 2019, 52,
9238-9247.

58 N. E. Kamber, W. Jeong, R. M. Waymouth, R. C. Pratt,
B. G. G. Lohmeijer and J. L. Hedrick, Chem. Rev., 2007,
107, 5813-5840.

59 X.-Q. Li, B. Wang, H.-Y. Ji and Y.-S. Li, Catal. Sci. Technol.,
2016, 6, 7763-7772.

60 A. Chuma, H. W. Horn, W. C. Swope, R. C. Pratt, L. Zhang,
B. G. G. Lohmeijer, C. G. Wade, R. M. Waymouth,
J. L. Hedrick and ]. E. Rice, J. Am. Chem. Soc., 2008, 130,
6749-6754.

61 C. Lv, R. Yang, G. Xu, L. Zhou and Q. Wang, Eur. Polym. J.,
2020, 133, 109792.

62 R. Lapenta, M. Mazzeo and F. Grisi, RSC Adv., 2015, 5,
87635-87644.

63 P. Vanhoorne, P. Dubois, R. Jerome and P. Teyssie,
Macromolecules, 1992, 25, 37-44.

64 J. E. Baez, K. J. Shea, P. R. Dennison, A. Obregén-Herrera and
J. Bonilla-Cruz, Polym. Chem., 2020, 11, 4228-4236.

RSC Adv, 2025, 15, 43106-43119 | 43119


https://pubchem.ncbi.nlm.nih.gov/compound/Cinnamic-Acid
https://pubchem.ncbi.nlm.nih.gov/compound/Cinnamic-Acid
https://www.sigmaaldrich.com/MX/es/product/sigma/m1000?srsltid=AfmBOoof8ndM82usFbbGpHyuBWzZbl4IqQVBhTQ-0rGZJnHrXfwVml7B
https://www.sigmaaldrich.com/MX/es/product/sigma/m1000?srsltid=AfmBOoof8ndM82usFbbGpHyuBWzZbl4IqQVBhTQ-0rGZJnHrXfwVml7B
https://www.sigmaaldrich.com/MX/es/product/sigma/m1000?srsltid=AfmBOoof8ndM82usFbbGpHyuBWzZbl4IqQVBhTQ-0rGZJnHrXfwVml7B
https://pubchem.ncbi.nlm.nih.gov/compound/Adipic-Acid
https://pubchem.ncbi.nlm.nih.gov/compound/Levulinic-Acid
https://pubchem.ncbi.nlm.nih.gov/compound/Levulinic-Acid
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra07333b

	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality

	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality

	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality
	Homopolymerization and copolymerization of tnqh_x03B5-caprolactone and l-lactide organocatalyzed by carboxylic acids with mono-, di-, and tri-functionality


