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ABSTRACT: Immobilized Candida antarctica lipase B (CALB)-catalyzed
polycondensation of glycerol and sebacic acid at mild reaction conditions
resulted in branched poly(glycerol sebacate) (PGS). To understand how
PGS chains grow and branch, the kinetics of the CALB-catalyzed
polycondensation were studied. The influence of the reaction temperature,
solvent, CALB amount, and sebacic acid/glycerol feed ratio on the
poly(glycerol sebacate) (PGS) molecular weight, degree of branching, and
glyceridic repetitive unit distribution was also investigated. PGS architecture
changes from linear to branched with the progression of the reaction, and
the branching results from the simultaneous CALB-catalyzed esterification
and acyl migration. For reactions performed in acetone at the temperature range from 30 to 50 °C, the apparent rate constant
increases from 0.7 to 1.5 h−1, and the apparent energy of activation of 32 kJ mol−1 was estimated. The higher mass average molecular
weight (16 kDa) and degree of branching (41%) were achieved using the equimolar sebacic acid/glycerol feed ratio in acetone at 40
°C with a CALB amount of 13.6 wt % and in the presence of the molecular sieves.

■ INTRODUCTION
Poly(glycerol sebacate) (PGS) is one of the most studied
polyesters based on glycerol. This is mainly due to its
biocompatibility and biodegradability, which make it suitable
for biomedical applications in areas such as tissue engineering,
drug delivery, and surgical sealants.1−3 PGS elastomers are
nontoxic materials4,5 with mechanical properties similar to
those of biological soft tissue6−8 and present in vitro and in
vivo degradability7,9 and shape-memory behavior.10 They are
also bioresorbable and biocompatible due to the endogenous
nature of glycerol and sebacic acid, which are building blocks
of glycerides and a natural intermediate metabolite of the
oxidation of fatty acids, respectively.4,11−14 Conventionally,
PGS elastomers are prepared in a noncatalyzed two-step
process: (i) polymerization at 120 °C under an inert gas flow
for 24 h and (ii) crosslinking at 120 °C under vacuum for 48
h.4,5 The PGS elastomer properties are generally modulated
through the reaction parameters, such as reaction time and
temperature.2,7,15 However, few studies have addressed the
relationship between the PGS structure and properties.5 Given
the harsh polymerization conditions, a fraction of glycerol is
lost through evaporation, leading to significant deviations
between the predicted and the experimental PGS properties.5,7

Furthermore, PGS for biomedical applications must be
prepared in the absence of conventional catalysts due to
their biological toxicity.1 In this condition, the reaction is slow,
and to prevent gelation, only oligomers are formed in the
polymerization step.7,16

Alternatively, three strategies have been developed for the
synthesis of glycerol-based polyesters under milder reaction

conditions: (i) ring-opening polymerization of diglycidyl
sebacate prepared by the reaction of sebacoyl chloride and
glycidol with sebacic acid catalyzed by tetrabutylammonium
bromide in dioxane at 95 °C;17,18 (ii) polycondensation
between glycerol and sebacoyl chloride catalyzed by the
diarylborinic acid catalyst in tetrahydrofuran in the presence of
N,N-diisopropylethylamine at 70 °C;19 and (iii) lipase-
catalyzed polycondensation between glycerol and diacids/
diesters performed both in bulk as well as in solution using
solvents such as tetrahydrofuran and biphenyl ether in the
temperature range from 40 to 90 °C.20−31 Among these
strategies, lipase-catalyzed polycondensation seems to be the
lower toxic and most sustainable and environmentally friendly
alternative for the preparation of linear and branched
polyesters based on glycerol.32

The enzyme Candida antarctica lipase B (CALB) is
commercially available in a form supported on acrylic resin,
and it is reported to be “the most used enzyme catalyst in both
academia and industry”.33 This lipase is mainly used for
(trans)esterifications, amidations, and hydrolysis reactions in
the synthesis of surfactants, monomers, polymers, optically
pure compounds, biolubricants, glycerides, and biodiesel.33
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CALB is an sn-1,3-specific lipase with higher reactivity toward
primary hydroxyls than secondary ones.34−36 It is capable of
hindering the crosslinking of polyesters prepared from glycerol
and diacids/diesters, even at a relatively high molecular weight,
and of catalyzing one-pot polymerization at mild reaction
conditions.27,29 Moreover, its specificity and reactivity could be
modulated through the control of reaction parameters such as
temperature22,25,31 and solvent.37,38 These characteristics make
CALB suitable as a catalyst for the preparation of PGS
polymers.1 Table S1 (Supporting Information) summarizes the
main reports about the synthesis of glycerol-based polyesters
via CALB-catalyzed polymerization and the structural features
of the polyesters. Poly(glycerol adipate) is the most studied
glycerol-based polyesters prepared via CALB-catalyzed poly-
merization. Generally, the reaction is conducted in the
tetrahydrofuran solution at the temperature range from 40 to
70 °C using divinyl adipate as a precursor.20,24,25,30,31 To the
best of our knowledge, only Uyama et al.25,39 and Lang et al.40

reported the CALB-catalyzed synthesis of PSG, both
performed reactions in a solvent-free medium.
Despite CALB’s positional specificity, the esterification of

glycerol secondary hydroxyls occurs to some degree with the
formation of trisubstituted glyceridic units and branching of
the glycerol-based polyester.20−31,40,41 The structures of these
polyesters are generally composed of mono-, di-, and
trisubstituted glyceridic repetitive units that are structurally
similar to mono-, di-, and triglycerides.30 Similarly, the
esterification of secondary hydroxyls and the formation of
mono-, di-, and triglycerides using Mucor miehei, an sn-1,3-
specific lipase, as a catalyst for the synthesis of lipids from
glycerol and fatty acids have been reported.42 The formation of
triglycerides is due to a side reaction, named acyl migration
(A.M.), which occurs in parallel to esterification. Acyl
migration is an intramolecular reaction that allows the
exchange of the acyl ester group among the adjacent hydroxyl
groups, and it is the main reason for the esterification of
secondary hydroxyls of glycerol, giving rise to triglycerides.42,43

As reported by You et al.,17,18 the control of the branching of
PGS is an important strategy for the improvement of PGS
elastomer mechanical properties. So far, the relationship
among CALB selectivity and acyl migration causing branching
during polycondensation reactions between glycerol and
dicarboxylic acids/diesters has not been reported.
Therefore, this work concerns the synthesis of PGS via

CALB-catalyzed polycondensation between glycerol and
sebacic acid at mild reaction conditions, a kinetic study, and
an understanding of the mechanism of the polymer chain
growth and branching. The influence of the solvent, temper-
ature, CALB amount, and sebacic acid/glycerol molar feed
ratio on the polymer molecular weight, glyceridic repetitive
unit distribution, and the degree of branching (DB) was
investigated by gel permeation chromatography (GPC) and 1H
NMR spectroscopy. The temporal evaluation of the PGS
structure sheds light on some insights into the chain growth
behavior of polyesters based on glycerol prepared by CALB
catalysis and the role of both CALB selectivity and acyl
migration in branch formation. Overall, these results could
assist the development of strategies toward polymer
architecture control.

■ EXPERIMENTAL SECTION
Materials. Sebacic acid (99.0%, Sigma-Aldrich), lipase acrylic

resinCALB (lipase B from C. antarctica, ≥5000 U g−1, Sigma-

Aldrich), and deuterated acetone (99.9% atom D, Sigma-Aldrich)
were used without any treatment. Molecular sieves, 5 Å (spheres, 4−8
mesh, Sigma-Aldrich), were exhaustively washed with distilled water
and dried in an oven at 400 °C for 4 h. Glycerol (≥99.5%, Sigma-
Aldrich), tert-butanol (99.5%, Acros Organics), acetone (≥99.5%,
LabSynth), and acetonitrile (≥99.5%, LabSynth) were kept under
molecular sieves. Tetrahydrofuran (≥99.0%, Vetec) was dried using
metallic sodium and benzophenone under reflux and argon flow; this
was followed by distillation and storage in a closed bottle with
molecular sieves.

CALB-Catalyzed Polycondensation. In a typical polycondensa-
tion procedure, 5.0 mmol (1.01 g) of sebacic acid, 5.0 mmol (0.46 g)
of glycerol, 200 mg of CALB (13.6 wt % relative to monomers), 2.0 g
of 5 Å molecular sieves (a 2-fold excess based on molecular sieves
water sorption capability of ca. 20 wt %), and 5 mL of solvent
(tetrahydrofuran, acetone, tert-butanol, or acetonitrile) were put in a
30 mL capped glass flask. The reaction was maintained under gentle
magnetic stirring (150 rpm) at a desirable temperature (30, 40, 50, 60,
or 70 °C) for 24 h. For the kinetic studies, aliquots of 100 μL were
taken after 2, 4, 6, 8, 10, 12, and 24 h reaction times, dried under
vacuum, and kept at −20 °C for posterior analyses. After 24 h, the
reaction medium was filtered and washed with acetone. The solvent
was removed by distillation under reduced pressure. The residue was
dried under vacuum and kept at −20 °C. Polymer purification by
precipitation was not performed before analyses. PGS is a colorless to
a yellowish polymer with an oily to a sticky gel consistency, depending
on the molecular weight.

Instrumental Methods. The number average molecular weight
(Mn), mass average molecular weight (Mw), and molecular weight
dispersity (Đ = Mw/Mn) of PGS were determined by gel permeation
chromatography (GPC) performed on a Viscotek GPCmax VE2001
instrument equipped with a Viscotek TGuard 10 × 4.6 mm2 guard
column and three Shodex KF-806M columns kept at 40 °C and using
tetrahydrofuran as an eluent at a flow rate of 1.0 mL min−1. The
detection was performed using a Viscotek VE3580 refractive index
detector. PGS solutions in tetrahydrofuran were prepared at a
concentration of 5.0 mg mL−1 and fi l tered in poly-
(tetrafluoroethylene) filters (0.45 μm) before analysis. Polystyrene
(PS) standards (Viscotek, Malvern) with the molecular weight from
1050 to 3 800 000 g mol−1 were used to determine the relative
molecular weight of the PGS. The software OmniSEC. 4.6.2
(Viscotec, Malvern) was used for data collection and processing.

Infrared (IR) spectroscopy analysis of PGS was performed using
Agilent Cary 360 Fourier transform infrared (FTIR) equipment
operating in an attenuated total reflectance mode, spectral range from
400 to 4000 cm−1, resolution of 4 cm−1, and 64 scans.

Proton nuclear magnetic resonance (1H NMR) analyses were
performed on a Bruker Avance 400 MHz spectrometer operating at
25 °C, 2.0 s acquisition time, 1.0 s recycle delay, a spectra width of
8012 Hz, 16 scans, 32k points, and a free induction decay (FID)
resolution of 0.49 Hz. Carbon nuclear magnetic resonance (13C
NMR) analyses were performed on a Bruker Avance 500 MHz
spectrometer operating at 25 °C, 1.0 s acquisition time, 60 s recycle
delay, a spectra width of 32 894 Hz, 920 scans, 64k points, and an FID
resolution of 1.0 Hz without the nuclear Overhauser enhancement.
Analyses of multiplicity editing proton−carbon heteronuclear single
quantum coherence spectroscopy (1H−13C HSQC) were performed
on a Bruker Avance 400 MHz spectrometer operating at 25 °C using
the pulse program hsqcedetgp, with proton and carbon acquisition
parameters of 0.24 and 0.01 s acquisition time, spectra width of 4244
and 19 120 Hz, 2k and 0.5k points, FID resolution of 4.15 and 74.7
Hz, respectively, 1.0 s recycle delay, and 16 scans. Analyses of proton
homonuclear correlation spectroscopy (1H−1H COSY) were
performed on a Bruker Avance 400 MHz spectrometer operating at
25 °C using the pulse program cosygpqf, with acquisition parameters
for each proton of 0.24 and 0.06 s acquisition time, 1.0 s recycle delay,
a spectra width of 4244 Hz, 2k and 0.5k points, FID resolution of 4.1
and 16.6 Hz, and eight scans. PGS solutions in (CD3)2CO were used,
and the chemical shifts (δ) in parts per million (ppm) were assigned
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to the residual solvent proton and carbon of the (CD3)2CO at δH =
2.05 ppm and δC = 206.26 ppm, respectively.
The software TopSpin version 3.6.1 (Bruker) was used for NMR

spectra processing, signal assignments, integration, and deconvolution.
The signal integration was performed using the integration tool with
baseline correction. The deconvolution of signals was performed by
defining peak positions and fitting the curve with Gaussian and
Lorentzian functions.

■ RESULTS AND DISCUSSION
Structural Characterization of PGS. The IR spectrum of

PGS (Figure S1) reveals the presence of bands centered at
3440, 1735, 1060, and 1090 cm−1, which are related to
hydroxyl, carbonyl ester, and primary and secondary alcohol
stretching vibrations, respectively. These bands prove the
formation of polyester with primary and secondary hydroxyl
pendant groups along the polymer chains.22,31 The PGS is
branched and composed of the terminal (1T and 2T), linear
(1,3L and 1,2L), and dendritic (1,2,3D) glyceridic repetitive
units, Figure 1a. The 1H NMR spectrum (Figure 1b) of PGS

shows the characteristic signals of the sebacic acid/ester in the
chemical shift region from 1.00 to 2.50 ppm, overlapped
signals in the region from 3.30 to 4.50 ppm related to methine

and methylene protons of glycerol and glyceridic repetitive
units, and signals in the chemical shift range from 4.70 to 5.40
ppm related to methine protons of glyceridic repetitive units
with secondary hydroxyl esterified (2T, 1,2L, and
1,2,3D).5,19,22,44,45

The 13C NMR analysis (Figure S2) was also performed. The
signals of glycerol and glyceridic repetitive units, in the
chemical shift range from 55 to 80 ppm, were not overlapped;
their assignments have been well established in the
literature.19,22,27,29,44,45 However, these signals are of very
low intensity and, when performing a quantitative analysis
without the nuclear Overhauser enhancement, the signal
intensity is even lower and some signals could not be detected
if the number of scans and the runtime were not high enough,
a problem that does not take place in the 1H NMR spectra.22

Thus, HSQC and COSY analyses (Figures S3 and S4,
respectively) were performed to obtain a precise and detailed
assignment of the signals in the 1H NMR spectrum. Data from
the one-dimensional (1D) and two-dimensional (2D) NMR
analyses show that the methine protons a (3.83 ppm), b (4.89
ppm), d (5.09 ppm), and e (5.29 ppm) of 1T, 2T, 1,2L, and
1,2,3D glyceridic units, respectively, present signals in the 1H
NMR spectrum free of overlapping. Therefore, the areas of
these signals were used to determine the average molar fraction
(xi) of each glyceridic species (i) in the reaction medium, by
normalizing it by the carbonyl signal area ( f + f ′). The molar
fractions of the nonreacted glycerol and the 1,3L units were
calculated using eqs S1−S3. An example of the evolution of 1H
NMR spectrum signals during the CALB-catalyzed poly-
condensation of sebacic acid and glycerol can be found in
Figure S5. The carboxylic acid conversion (pCOOH) was
estimated by the relative areas of the signals f and f ′
determined by curve-fitting of the overlapped signals (Figure
S6 and eq S4, Supporting Information). The relative molar
fraction of each glyceridic unit (yi) in the PGS chain was
determined from the average molar fraction of each glyceridic
species in the reaction medium (eq S5). The degree of
branching (DB) was calculated as proposed by Frey et al.46

using the relative molar fraction of each glyceridic unit, and the
number average degree of polymerization (Dpn) of PGS was
calculated based on Flory47 and Frey46 models for linear and
branched polymers (eq S6). The number average molecular
weight (Mn) and the average number of each glyceridic unit

Figure 1. (a) Substitution pattern of PGS composed of the terminal
(1T and 2T), linear (1,3L and 1,2L), and dendritic (1,2,3D)
glyceridic units as indicated by the (b) 1H NMR spectrum in
(CD3)2CO.

Table 1. Structural Parameters of PGS Synthesized Using 13.6 wt % of CALB in Different Reaction Conditions for 24 h

yi (%)
a

solvent T (°C) pCOOH
a pOH

a Mn (kDa)
a Mw (kDa)b Đb DB (%)a 1T 2T 1,3L 1,2L 1,2,3D

tetrahydrofuran 40 0.92 0.64 3.2 10 5.6 38 24 2 39 18 17
50 0.91 0.64 3.0 9 5.4 41 23 3 34 18 18
60 0.87 0.61 1.9 7 4.6 34 26 3 40 16 15

tert-butanol 40 0.76 0.57 1.0 2 2.1 25 34 4 35 18 9
50 0.79 0.57 1.1 3 2.0 24 31 4 39 17 9
60 0.83 0.59 1.4 4 2.7 28 28 4 40 17 11
70 0.83 0.59 1.4 4 2.7 28 27 4 41 17 11

acetone 30 0.94 0.64 3.8 13 6.5 34 21 2 47 15 16
40 0.97 0.66 9.4 16 6.8 41 19 3 41 17 20
50 0.94 0.65 4.9 15 6.7 42 21 3 39 17 20

acetonitrile 40 0.82 0.59 1.4 3 3.1 33 32 3 35 16 13
50 0.84 0.60 1.4 4 3.1 38 28 3 42 15 12
60 0.95 0.61 2.7 5 3.4 31 26 3 42 16 13

aDetermined by 1H NMR. bDetermined by GPC.
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per PGS chain (ni) (eqs S7 and S8, respectively) were also
estimated from Dpn. The degree of substitution (DS) of the
glycerol and the hydroxyl conversion (pOH) were calculated
from the average molar fraction of glyceridic units and DS
values using eqs S9 and S10 (Supporting Information),
respectively. The average molar fractions of each glyceridic
unit estimated from 1H NMR and quantitative 13C NMR
spectra were very close, as can be seen in Table S2, Supporting
Information. Therefore, 1H NMR analysis is a valuable tool to
follow the evolution of the polymer structure. It provides an
estimate of the polymer number average molecular weight and
the type of glyceridic units incorporated in the polymer over
time. The overall results from GPC and 1H NMR are
summarized in Tables S3−S6 as a function of the reaction
time, temperature, and solvent, and they will be discussed
below.
Effect of Solvent and Temperature on Polymer-

ization and the PGS Structure. Except for the presence
of the immobilized enzyme beads and molecular sieves, the
reaction medium was homogeneous and clear at the beginning
of the reaction in tetrahydrofuran. When acetone, acetonitrile,
or tert-butanol was used as a solvent, a cloudy mixture was
initially observed due to the lower solubility of sebacic acid in
these solvents. However, after approximately 30 min, the
reaction media became clear due to sebacic acid consumption
by esterification. The carboxylic acid and hydroxyl conversion
(pCOOH and pOH, respectively), the number average molecular
weight, the mass average molecular weight, the molecular
weight dispersity, the degree of branching, and the relative
molar fraction of each glyceridic unit in the PGS chains are
presented in Table 1 for polycondensation reactions carried
out in different solvents for 24 h at temperatures from 30 to 70
°C.
The molar fraction of glyceridic units per PGS chain is

similar regardless of the solvent and temperature. The relative
molar fraction of glyceridic units with esterified primary
hydroxyls (1T and 1,3L) was higher compared to those with
an esterified secondary hydroxyl (2T and 1,2L), showing
higher CALB reactivity toward glycerol primary hydroxyls. The
highest carboxylic acid and hydroxyl conversions were
observed for reactions performed in tetrahydrofuran and
acetone, for which pCOOH > 90% and pOH > 60%, indicating
that these solvents are suitable for CALB-catalyzed poly-
condensation reactions. The solvent selection guide
CHEM2148 classifies acetone, tert-butanol, and acetonitrile as
“recommended” solvents. On the other hand, tetrahydrofuran
is classified as “problematic”. PGS with a higher molecular
weight was obtained using acetone at 40 °C. In this condition,

branched PGS with Mn, Mw, and DB up to 9.4 kDa, 16 kDa,
and 41%, respectively, was formed. In the reactions performed
in tetrahydrofuran at 40 °C, PGS molecular weights are smaller
(Mn = 3.2 kDa and Mw = 10 kDa), with DB = 38%. For
comparison, it has been reported that PGS molecular weights
in the range of Mn = 4.6−6.5 kDa and Mw = 17.0−23.0 kDa
were obtained using the conventional noncatalyzed proc-
ess.49,50 Moreover, Uyama et al.25 reported that PGS with Mw
= 19.0 kDa and y1,2,3D = 16% was prepared by the CALB-
catalyzed polycondensation of vinyl sebacate and glycerol in
bulk at 60 °C in an inert atmosphere for 8 h, and Lang et al.40

reported PGS with Mw = 63.9 kDa (Đ = 16.9) by performing
the CALB-catalyzed polycondensation of sebacic acid and
glycerol in bulk at 90 °C under reduced pressure for 47 h.
Therefore, our results demonstrated that CALB-catalyzed
polycondensation between sebacic acid and glycerol using a
low hazard acetone as a solvent, molecular sieves, and mild
reaction conditions in a closed system is suitable for the
preparation of PGS. Also, higher molecular weights were
obtained from this process than by performing the reaction in
tetrahydrofuran, and the molecular weights were similar to the
results from using the conventional process or vinyl sebacate as
a precursor.
The general rule for biocatalyzed reactions in organic

solvents is that there is a decrease in biocatalyst activity with
decreasing solvent log P (P = octanol/water partition
coefficient).51 This is due to the distortions of the enzyme
structure caused by the interactions of the solvent molecules
with the catalytic site or by solvent interacting and pulling out
the essential water molecules that stabilize the enzyme. For
esterification, the further release of these water molecules to
the reaction medium could lead to hydrolysis reactions.51−54

However, as observed in Table 1, a decrease in biocatalyst
activity with decreasing solvent log P was not followed. This
was independent of the temperature, and the increase in the
molecular weight followed the order: acetone (log P = −0.23)
> tetrahydrofuran (log P = 0.49) > acetonitrile (log P = −0.33)
> tert-butanol (log P = 0.35). Therefore, the effect of solvent
on the enzyme structure and its activity may not be the main
factor responsible for the different PGS molecular weights. A
possible explanation for the observed tendency could be
polymer−solvent interactions. If the polymer−solvent inter-
actions are not favorable during polymer chain growth, the
polymer coil will contract or possibly even form aggregates (as
will be shown further), which, in turn, will result in a decrease
in the availability of polymer reactive groups to proceed toward
polymerization.

Table 2. Structural Parameters of PGS Prepared Using Different Amounts of Enzyme and Sebacic Acid/Glycerol Feed Ratios
in Acetone at 40 °C for 24 h

yi (%)
a

[enzyme] (wt %) molar feed ratio Mn (kDa)
a Mw (kDa)b Đb (Da) DB (%) 1T 2T 1,3L 1,2L 1,2,3D

13.6 1.0/1.0 9.4 16 6.8 41 19 3 41 17 20
10.2 1.0/1.0 5.4 11 5.8 41 22 2 40 16 20
6.8 1.0/1.0 3.7 13 4.5 36 22 2 44 15 16
3.4 1.0/1.0 1.4 3 2.1 17 30 2 53 9 6
13.6 1.5/1.0 n.d.c 11 4.8 56 8 0 44 12 36
13.6 1.2/1.0 n.d.c 8 4.0 54 15 1 37 16 31
13.6 1.0/1.2 n.d.c 7 3.1 28 31 3 39 16 11
13.6 1.0/1.5 n.d.c 3 1.7 17 44 6 33 13 5

aDetermined by 1H NMR. bDetermined by GPC. cn.d. = not determined.
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As presented in Table 1 for reactions performed in tert-
butanol and acetonitrile, the molecular weight tends to slightly
increase as the temperature increases in the range from 40 to
70 °C. However, for acetone and tetrahydrofuran, an increase
in the temperature of above 50 °C leads to a decrease in the
molecular weight. This phenomenon is due to CALB thermal
deactivation, as reported by Distel et al.55 for the CALB-
catalyzed polymerization of ethyl-S-lactate in tetrahydrofuran
and chloroform and by Taresco et al.31 for the polycondensa-
tion of glycerol and vinyl adipate in tetrahydrofuran at
temperatures above 50 °C. It is worthwhile to observe that
using apolar solvents or by performing reactions in bulk, the
decrease of CALB activity at temperatures of around 50−60
°C was not observed, and successful polymerizations in these
media at temperatures up to 90 °C have been reported (Table
S1).40,56−58

Effect of the Enzyme Amount and Sebacic Acid/
Glycerol Molar Feed Ratio on Polymerization and the
PGS Structure. For reactions performed in acetone at 40 °C
for 24 h, the increase in the enzyme amount from 3.4 to 13.6
wt % leads to an increase inMn,Mw, Đ, and DB from 1.4 to 9.4
kDa, 3 to 16 kDa, 2.1 to 6.8, and 17 to 41%, respectively
(Table 2). These results agree with the literature that CALB
catalyzes esterification reactions according to the kinetic model
Ping-Pong Bi-Bi, for which the reaction rate is proportional to
the enzyme amount.59,60 The highest enzyme concentration of
13.6 wt % used in this work aimed to achieve higher
conversion in shorter reaction times. For the synthesis of
glycerol-based polyester, the CALB amount of 10 wt % is
generally employed in both solvent-free and in solution
reactions.22,23,27,29 However, Gameiro et al.41 reported the
use of a CALB amount of 25 wt % for the enzymatic synthesis
of poly(glycerol succinate) in a supercritical carbon dioxide
solution and the formation of polymers with Mn up to 3.5 kDa.
Uyama et al.25 reported the use of a CALB amount of 15 wt %
for the synthesis of PGS with Mw = 19.0 kDa and y1,2,3D = 16%
from vinyl sebacate in bulk at 60 °C for 8 h. These PGS
molecular weight and the fraction of the dendritic unit are
similar to those achieved by us when using a CALB amount of
13.6 wt % (Mw = 16 kDa and y1,2,3D = 20%). Although, these
results were achieved in shorter reaction times than our
experiments due to the higher reactivity of vinyl sebacate
compared to sebacic acid.
PGS with a higher molecular weight was obtained in acetone

at 40 °C in 24 h using an equimolar feed ratio sebacic acid/
glycerol. Deviation from this molar ratio leads to a decrease in
the molecular weight (Table 2). These results indicate that
glycerol tends to act as a diol in the CALB-catalyzed
polycondensation. This is in agreement with Yang et al.29

and Rao et al.,22 who reported that CALB is capable of
hindering crosslinking, and deviation from equimolarity
between the monomers leads to a decrease in the molecular
weight of poly(oleic diacid-co-glycerol) and poly(glycerol
suberate), respectively. The high PGS molecular weight
dispersity values (Đ > 2.0) observed in Table 2 may be
explained by the difference in CALB reactivity toward primary
and secondary hydroxyl, which leads to randomly branched
polymers composed of the terminal, linear, and dendritic units
instead of the formation of uniformly “perfect” dendrimers
composed of only terminal and dendritic units. This structural
randomness of PGS is associated with the high Đ value, as
reported by Kulshrestha et al.27 for the terpolymer of adipic
acid, 1,8-octanediol, and glycerol synthesized via CALB

catalysis. Rao et al.22 have reported that the architecture of
poly(glycerol suberate) can be changed from linear (Đ ≈ 2.0)
to irregular like-dendrimers (Đ > 2.0) by changing the
monomer feed ratio in the CALB-catalyzed polycondensation.
Also, Table 2 shows that the higher the glycerol feed, the
smaller is the formation of dendritic units, and more linear are
the PGS chains. Furthermore, an increase in the sebacic acid
feed from 1.0 up to 1.5 increased DB and decreased the
average molar fraction of glyceridic end groups (y1T and y2T),
whereas an increase in the glycerol feed from 1.0 up to 1.5 led
to an opposite effect, a decrease in the DB and an increase in
the average molar fraction of glyceridic end groups. Therefore,
the change in the sebacic acid/glycerol feed ratio would be a
strategy toward the control of the PGS structure by tailoring
the polymer molecular weight, degree of branching, and end-
group functionality.

Evaluation of the Temporal Evolution of PGS
Molecular Weight. The influence of branching on the Mn
determined by 1H NMR and GPC is shown in Figure 2a,b for
PGS synthesized in acetone at 30 and 40 °C, respectively.

The Mn values determined by 1H NMR and GPC are in
agreement with oligomers having Mn ≤ 1.0 kDa, and the
deviations occurred when PGS became branched, i.e., when
the DB value is approximately 30% and every polymer chain
seems to have at least one dendritic unit (n1,2,3D ≥ 1.0). The
discrepancies between Mn values determined by these
techniques increase with an increase in the number of
dendritic units. It is well established that GPC analysis of
branched polymers provides molecular weight values smaller
than the real one because branched polymers have a more
dense and compact polymer coils and a smaller hydrodynamic
radius (Rh) than their linear analogues. Because of this, the Mn
value determined from GPC is generally smaller than the value
determined by 1H NMR.27,61,62

Despite the deviations of the molecular weight determined
by GPC for branched polymers, this technique is a valuable
tool to follow the relative molecular weight evolution and
molecular weight distribution during the polymerization.
Figure 3a,b,c,d illustrates the evolution of the GPC chromato-
grams for the reactions performed at 40 °C in tetrahydrofuran,
tert-butanol, acetone, and acetonitrile, respectively.

Figure 2. Degree of branching (DB) and the average number of
dendritic units per PGS chain (n1,2,3D), determined by 1H NMR, and
the number average molecular weight (Mn) as a function of reaction
time as determined by 1H NMR and GPC analyses for reactions
performed in acetone at (a) 30 °C and (b) 40 °C.
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For all of the reaction conditions studied, an increase in the
reaction time from 2 to 24 h led to a shift of the peaks in the
chromatograms to a smaller retention volume (higher
molecular weight), an enlargement of the molecular weight
distribution, and the appearance of multimodal peaks, which
are related to an increase in the structural complexity of
randomly branched polymers due to the statistical character of
chain growth. During polymer growth, the number of dendritic
units increases and each dendritic unit gives rise to a new
terminal unit. The high number of terminal units available
during the polymerization makes possible the formation of
structures with different sizes and architectures (more or less
branched molecules).27,61,62 In Figure 3c, a bimodal molecular
weight distribution curve with peak maxima at retention
volumes of around 32.5 and 26.0 mL is observed for PGS after
24 h reaction in acetone at 40 °C. The last peak (26.0 mL),
corresponding to a very high molecular weight (approximately
100 kDa according to the calibration curve using PS
standards), is assigned to polymer aggregates. Because of
this, it was not considered in the estimation of the mass
average molecular weight and molecular weight distribution.
Similar results were observed for the reaction performed in
acetone at 50 °C/24 h.
Dynamic light scattering (DLS) experiments were per-

formed in conditions similar to those of GPC analyses to
determine whether aggregation of PGS (Mn = 9.4 kDa) occurs
in the tetrahydrofuran solution. The particle size distribution
profile (Figure S7a) shows three particle populations in the
PGS solution in tetrahydrofuran with concentrations ranging
from 1 to 10 mg mL−1: (i) unimers with an Rh of 3−4 nm; (ii)
aggregates with an Rh of 8−15 nm, and (iii) a second aggregate
population with an Rh of 40−80 nm. A similar particle size
distribution profile was reported by Murillo et al.63 for
hydroxylated hyperbranched polyester in dimethylformamide,
for which a population of unimers with an Rh of 2−5 nm and
aggregates with an Rh of 150−500 nm was observed. Xiang et
al.64 studied the self-assembly of amphiphilic hyperbranched
polyurea in water and proposed a stepwise mechanism in
which unimers with an Rh of 2−3 nm form micelles with an Rh
of 6−14 nm. Furthermore, these micelles associate in larger
aggregates with an Rh ≥ 100 nm. The interactions among
hydroxylated polymeric chains were studied by Žagar and
Grdadolnik,65 who reported that hydroxylated hyperbranched

polyester chains interact with each other by strong hydrogen
bonds among hydroxyl groups and between hydroxyl groups
and carbonyl ester groups, even in the presence of water. These
strong interactions between the hydroxylated polymeric chains
and the mechanism of self-assembly of amphiphilic polymers in
solution could explain the PGS aggregation in tetrahydrofuran
as observed by DLS and the presence of a population of high
molecular weight molecules in the GPC chromatograms
(Figure 3c). From the DLS analyses, the critical aggregation
concentration (CAC) of PGS in tetrahydrofuran was estimated
to be 0.74 mg mL−1 or 7.9 × 10−5 mol L−1, by plotting the
mean scattering intensity as a function of the PGS
concentration (Figure S7b). PGS aggregation occurred in all
solvents studied, as verified by DLS experiments. The particle
size distribution curves of the PGS solution in acetone,
acetonitrile, and tert-butanol can be found in Figure S8,
Supporting Information.

Kinetics of CALB-Catalyzed Polycondensation. The
kinetic study of the enzymatic catalyzed polycondensation was
performed in four different polar solvents (tetrahydrofuran,
tert-butanol, acetone, and acetonitrile) in the temperature
range from 30 to 70 °C. The determination of the apparent
constant rate (kapp) for the polycondensation was performed as
proposed by Flory,47 assuming the following: (i) glycerol
reacts as a diol and (ii) cyclization does not take place. The
first assumption is supported by the CALB higher reactivity
toward primary hydroxyls than the secondary ones.34−36 The
second assumption is supported by the work performed by
Kline et al.20 and by Godinho et al.,66 in which cyclic end
groups were not observed and some degree of cyclization was
only observed for tetramers, respectively, for glycerol-based
polyesters prepared via CALB catalysis.
The Dpn vs t curves for the reactions performed in

tetrahydrofuran, tert-butanol, acetone, and acetonitrile in the
temperature range from 30 to 70 °C are presented in Figure
4a,b,c,d, respectively. The kapp was determined as the slope of
the Dpn vs t curves and plotted as a function of the reaction
temperature, as presented in Figure 4e.
The kapp values are similar for the reactions conducted in

tetrahydrofuran and acetonitrile. A slight dependence of the
reaction rate on the temperature is observed for reactions in
these solvents with a decrease of the kapp from around 0.5 to
0.2 h−1 when the reaction temperature was increased from 40
to 60 °C. tert-Butanol was the worst solvent for the preparation

Figure 3. GPC chromatograms illustrating the temporal evolution of
the molecular weight and molecular weight distribution of the PGS
prepared in (a) tetrahydrofuran, (b) tert-butanol, (c) acetone, and (d)
acetonitrile at 40 °C. The dashed lines indicate the retention volume
related to the PS standard with the lowest molecular weight (1050 g
mol−1) at 33 mL.

Figure 4. Number average degree of polymerization (Dpn) as a
function of reaction time for reactions performed in (a)
tetrahydrofuran, (b) tert-butanol, (c) acetone, and (d) acetonitrile.
(e) Apparent rate constant (kapp) as a function of temperature.
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of PGS, for which a Dpn of around 4−5 and kapp around 0.1
h−1 were achieved for reactions performed in the temperature
range from 40 to 70 °C for 24 h. Using acetone as a solvent,
Dpn and kapp achieved the highest values. The polycondensa-
tion performed at 30, 40, and 50 °C resulted in PGS with Dpn
of 15, 36, and 19 and kapp of 0.7, 1.2, and 1.5 h−1, respectively.
By constructing an Arrhenius plot (ln kapp vs T

−1) from the kapp
values of the reactions performed in acetone, apparent energy
of activation of 32 kJ mol−1 was obtained. For the noncatalyzed
polycondensation of sebacic acid and glycerol in toluene at
temperatures ranging from 120 to 140 °C, Maliger et al.16

reported kapp values ranging from 0.04 to 0.13 h−1 and apparent
energy of activation of 71 kJ mol−1. This indicates that CALB
catalysis can increase the reaction rate of the polycondensation
of sebacic acid and glycerol by approximately 5-fold and
decrease the apparent energy of activation by approximately
half, compared to the noncatalyzed polycondensation. The kapp
of reactions performed in acetone increased by around 75% by
increasing the temperature from 30 to 40 °C. However, a
further temperature increase from 40 to 50 °C led to a minor
increase in the kapp of just 25%. This tendency of the kapp to
decrease in reactions performed in acetone, tetrahydrofuran,
and acetonitrile by increasing the reaction temperature above
50−60 °C may be related to enzyme deactivation as discussed
previously.
PGS Chain Growth and Branching. The temporal

evolution of the number average degree of polymerization
and average molar fraction of each glyceridic species (xi) in the
reaction medium as a function of the time for the reactions
performed in acetone at 30, 40, and 50 °C is presented in
Figure 5a,b,c, respectively.

The plots in Figure 5 show that the chain growth behavior of
PGS is similar to that reported by Rao et al.22 for poly(glycerol
suberate) prepared by polycondensation of the diethyl
suberate and glycerol via CALB catalysis, which is composed
of three growth steps: (i) an initial linear growth step due to
the reaction among terminal units to produce linear segments;
(ii) graft growth, and (iii) dendritic growth occurring
simultaneously through reactions between the terminal and
linear units. The dendritic growth is characterized by a high
steric hindrance that makes it difficult for the reactive groups in

the middle of a polymeric chain to access the enzyme catalytic
site. Therefore, the formation of 1,2,3D units probably
proceeds toward the esterification of the primary hydroxyl
available in the 1,2L unit.22,67 However, as shown in Figure 5,
the production of the 1,2,3D units occurs simultaneously to
the consumption of the 1,3L units. This leads to the following
question: Does the formation of 1,2,3D units proceed through
the enzymatically catalyzed esterification of the secondary
hydroxyl of 1,3L units or is it due to acyl migration, which
converts 1,3L units into 1,2L units followed by the CALB-
catalyzed esterification of the primary hydroxyl of 1,2L units,
similar to the mechanism proposed by Lortie et al.42 for the
lipase-catalyzed synthesis of triolein?
Acyl migration is frequently observed in the synthesis of

glycerides via enzymatic or chemical catalysts, and its
suppression is a difficult task.68,69 The rate of acyl migration
depends on reaction parameters such as temperature, glyceride
concentration, and solvent polarity, and it decreases with a
decrease in solvent log P or temperature.42,70−75 For glycerol-
based polyesters prepared using a chemical catalyst that
selectively esterifies primary hydroxyls, Slavko and Taylor19

reported an increase in the 1,2L unit fraction and maintenance
of the 1,2,3D unit fraction when polyesters mainly composed
of 1,3L units were subjected to conditions favorable for the
acyl migration reaction in the absence of the esterification
catalyst. Many studies regarding acyl migration of glycerides
show that at equilibrium, the molar ratio between mono-
glycerides esterified at primary hydroxyl and secondary
hydroxyl is approximately 10, and the molar ratio for
diglycerides with both primary hydroxyl esterified and with
one primary and one secondary hydroxyl esterified is
approximately 2.42,68,70,75,77 Figure 6 presents these molar
ratios as a function of time for PGS prepared in acetone at 30,
40, and 50 °C (data for other reaction conditions are presented
in Figure S9).

Surprisingly, for all reaction conditions, the x1T/x2T and
x1,3L/x1,2L ratios tend to values of around 10 and 2 at 24 h
reaction, respectively. These values are reached at shorter
reaction times as the temperature increases. By performing an
experiment similar to that reported by Slavko and Taylor,19 a
solution of PGS with different DB in tetrahydrofuran in the
presence of triethylamine and molecular sieves was prepared
and maintained under gentle stirring for 24 h at 40 °C, in the
absence of the esterification catalyst, to favor the acyl migration
reaction. After this time, there was observed to be a tendency

Figure 5. Number average degree of polymerization (Dpn, box solid)
and the average molar fraction (xi) of glycerol (gray circle open) and
glyceridic units 1T (maroon circle open), 2T (purple circle open),
1,3L (blue circle open), 1,2L (green circle open), and 1,2,3D (red
circle open) in the reaction medium as a function of reaction time for
reactions performed in acetone at (a) 30 °C, (b) 40 °C, and (c) 50
°C.

Figure 6. Molar ratio of glyceridic units as a function of time for
reactions performed in acetone at 30 °C (□), 40 °C (○), and 50 °C
(Δ): (a) x1T/x2T and (b) x1,3L/x1,2L.
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toward an increase in x1,2L, the maintenance of x1,2,3D, and the
x1T/x2T and x1,3L/x1,2L ratios equal to 10 and 2, respectively
(Table S7). The x1,3L/x1,2L ratio around 2 has also been
observed for poly(glycerol suberate) and poly(oleic diacid-co-
glycerol) prepared via CALB catalysis and for poly(oleic
diacid-co-glycerol) prepared via metal catalysis.22,29 The ratios
x1T/x2T and x1,3L/x1,2L were very close for the polymers
synthesized in different solvents at a given temperature (Figure
S9), indicating that the acyl migration rate was not affected by
the solvent. This tendency agrees with that observed by Duan
et al.37 and Li et al.73 for the CALB-catalyzed esterification of
glycerol and oleic acid in solvents with log P values that ranged
from −0.24 to 4.7. In their study, it was reported that the
reactions performed in polar solvents with log P < 1.0 have
similar lower acyl migration constant rates and higher CALB
selectivity toward glycerol primary hydroxyl compared to the
use of apolar solvents with log P > 1.0.
Based on these results and the works of Rao et al.22 and

Lortie et al.,42 we propose a mechanism of the chain growth
behavior and branching of glycerol-based polyesters prepared
via CALB catalysis, Scheme 1.

The enzyme is mainly responsible for the esterification of
glycerol primary hydroxyl groups to produce 1T and 1,3L
units. The 2T and 1,2L units result mainly from acyl migration,
and further esterification of 1,2L units by enzyme catalysis
produces 1,2,3D units. The esterification of the primary
hydroxyl of a 1,2L unit should be faster than the esterification
of the secondary hydroxyl of a 1,3L unit, and the consumption
of 1,2L units by esterification is compensated by acyl migration
equilibrium, which restores 1,2L units from 1,3L units. Both
reactions will proceed until the polymerization and acyl
migration reactions achieve thermodynamic equilibrium and
the molar fractions of each glyceridic unit reach a constant
value with x1T/x2T = 10 and x1,3L/x1,2L = 2. The 2T unit molar
fraction remains low and constant throughout the reaction,
indicating a steady-state (Figure 5). Thus, the 2T unit
formation rate and consuming rate in 1T and 1,2L due to
acyl migration and CALB-catalyzed esterification, respectively,
should be equivalent. Moreover, based on this mechanism, the
CALB-catalyzed esterification is mainly responsible for the
increase of the polymer degree of polymerization, whereas the
acyl migration only changes the ester position from a primary
to a secondary hydroxyl. Therefore, the kapp values describe
mainly the CALB-catalyzed esterification reaction.
This set of results indicates that branching suppression is not

possible for a polycondensation catalyzed by CALB under the

reaction conditions investigated due to the occurrence of the
acyl migration reaction. However, the PGS architecture,
molecular weight, and degree of branching can be tailored by
changing the reaction parameters such as the solvent,
temperature, CALB amount, and sebacic acid/glycerol feed
ratio, which are important strategies to tune the PGS elastomer
properties.
The strategy to achieve linear polymers should be kinetic

control using reaction conditions for which the esterification of
primary hydroxyl and formation of 1T and 1,3L units are much
faster than the rate of acyl migration. For example, this
condition is probably achieved by the use of diarylborinic acid
catalysts in which a catalyst−substrate adduct is formed,
preventing the acyl migration reaction and the esterification of
glycerol secondary hydroxyls, and the PGS formed is mostly
composed of 1,3L units with less than 1% of the 1,2,3D unit.19

The use of activated esters or bulk reactions for the CALB-
catalyzed synthesis of glycerol-based polyester is other
strategies that seem to delay acyl migration and allow the
preparation of linear polymers with the higher molecular
weight than achieved in the conditions studied here. However,
after some time, acyl migration also seems to occur in these
conditions and some degree of branching is observed as the
polymer molecular weight increases.29,31

■ CONCLUSIONS
The use of CALB as a catalyst for the polycondensation of
glycerol and sebacic acid in low-hazard polar solvents and mild
reaction conditions allows the preparation of PGS. These
polyesters have pendant hydroxyl groups, low to relatively high
molecular weight (Mw ranging from 3 to 16 kDa), and a degree
of branching ranging from 24 to 42%. The influence of
temperature on the polymerization is governed by good
enzyme performance at temperatures up to 50 °C and enzyme
denaturation at above 50 °C. The solvents seem to affect both
polymer coil solvation and the enzyme structure and,
consequently, the extent of the polymerization. However, the
solvent does not seem to affect the acyl migration rate or
CALB selectivity. The enzyme amount of 13.6 wt % leads to a
higher PGS molecular weight for a 24 h reaction time, and by
controlling the sebacic acid/glycerol feed ratio, it is possible to
control the PGS architecture, molecular weight, degree of
branching, and end-group functionality. Using acetone as a
solvent at 40 °C, a higher rate constant (kapp = 1.5 h−1), a
higher molecular weight (Mn = 9.4 kDa and Mw = 16 kDa),
and a higher degree of branching (42%) were achieved for
PGS. Therefore, the CALB-catalyzed synthesis of PGS is a
suitable alternative to the conventional preparation of PGS.
The kinetic study allowed us to understand polymer growth
and branching. During the polycondensation reaction, CALB-
catalyzed esterification and acyl migration occur simulta-
neously, and the latter is mainly responsible for the
esterification of secondary hydroxyls and to give rise to
branching.
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The Supporting Information is available free of charge at
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Summarized polycondensation conditions and character-
istics of glycerol-based polyesters prepared via CALB
catalysis, IR spectrum, 13C NMR spectrum, 1H−13C

Scheme 1. Representation of the Mechanism of Glycerol-
Based Polyester Chain Growth and Branching during the
Simultaneous Occurrence of the CALB-Catalyzed
Esterification and Acyl Migration (A.M.)
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HSQC contour map, 1H−1H COSY contour map,
temporal evolution of 1H NMR spectra signals, 1H NMR
curve-fitted signals of methylene protons adjacent to the
sebacic acid/ester carbonyl, structural parameters
calculations, comparison of results from 1H NMR and
quantitative 13C NMR, general data from the 1H NMR
and GPC analyses, DLS analyses and CAC estimation,
x1T/x2T and x1,3L/x1,2L molar fraction ratio as a function
of time, and acyl migration experiment (PDF)
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