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A B S T R A C T

Biodegradable polymers derived from renewable resources can be interesting materials for a plethora of ap-
plications and have therefore gained increased interest over the last decades. We herein report for the first time
the synthesis of random copolymers based on lactic and mandelic acid via ring-opening-polymerisation of their
corresponding O-carboxyanhydrides (OCA). Copolymers with tailored glass transition temperature and de-
gradation time were obtained by adjusting the co-monomer feed during copolymerisation. Molecular weight
analyses of the obtained copolymers indicated lower molecular weights in comparison to the target values. Our
hypothesis that keto-enol tautomerisation of the OCA-monomers was the cause for this anomaly was sub-
stantiated by a mechanistic study of the OCA-polymerization reaction using lacOCA and manOCA as case study.

1. Introduction

Synthetic polymers derived from renewable resources have gained
increasing attention over the last decades [1–4]. This is due to the large
demand for environmentally degradable polymers (mainly polyesters)
for applications such as (food) packaging, biomedical applications (e.g.
degradable implants, drug delivery, tissue engineering, sutures, …) and
due to their decreasing production cost (approximately €2–10 per kg)
and straightforward processability [5–10]. Depending on the targeted
application, polymers with different characteristics are required. Ex-
amples thereof include the glass transition temperature (Tg), degrada-
tion time, mechanical properties, refractive index, …. The most
common environmentally degradable polyesters, produced from re-
newable resources include poly(lactide) (PLA) and poly(lactide-co-
glycolide) (PLGA), which have a maximal Tg of around 50 °C (in case of
amorphous polymers) and a maximum degradation time of several
weeks up to months, depending on the polymers’ chemical composition,
the thickness and morphology of the polymer sample and the en-
vironment in which the polymer is applied [11–13]. For certain appli-
cations however, higher Tg’s or longer degradation times are required.
Higher Tg polymers could be used to produce more thermally stable,
biodegradable packaging materials or to produce implantable materials

that do not suffer from poor dimensional stability due to a relatively
low Tg [5,14]. Moreover, polymers with adjustable degradation times
can be particularly interesting for example in the case of controlled-
release drug carriers where among others, the degradation rate de-
termines the drug-release profile [7,14]. To overcome the above men-
tioned problems, lactic acid analogues with more bulky side groups
(e.g. mandelic acid) can be applied. It has already been reported in
literature that poly(mandelic acid) (PMA) degrades about 100 times
slower than poly(lactic acid) and that PMA shows a maximum Tg of
100 °C, which is substantially higher than the Tg of amorphous PLA
(PDLLA) of 50 °C [11,15].

In this paper, we report for the first time on the synthesis of random
amorphous copolymers containing mandelic and lactic acid via a con-
trolled polymerisation process under relatively mild conditions. Lactic
and mandelic acid were cyclised into their cyclic O-carboxyanhydride
(OCA) derivatives (lacOCA and manOCA respectively) prior to ring-
opening-polymerisation (ROP). We anticipate that copolymers of lactic-
and mandelic acid will reveal Tg values between 50 °C and 100 °C.
Furthermore, it is anticipated that the monomer ratio will also influence
the degradation time of the final polymer ranging between that of PLA
and PMA.

As it was previously reported that obtaining high molecular weight

https://doi.org/10.1016/j.eurpolymj.2019.06.036
Received 7 February 2019; Received in revised form 20 June 2019; Accepted 24 June 2019

⁎ Corresponding authors.
E-mail addresses: sandra.vanvlierberghe@ugent.be (S. Van Vlierberghe), peter.dubruel@ugent.be (P. Dubruel).

1 Contributed equally.

European Polymer Journal 118 (2019) 685–693

Available online 28 June 2019
0014-3057/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00143057
https://www.elsevier.com/locate/europolj
https://doi.org/10.1016/j.eurpolymj.2019.06.036
https://doi.org/10.1016/j.eurpolymj.2019.06.036
mailto:sandra.vanvlierberghe@ugent.be
mailto:peter.dubruel@ugent.be
https://doi.org/10.1016/j.eurpolymj.2019.06.036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eurpolymj.2019.06.036&domain=pdf


polymers using such OCA monomers can be troublesome [16–19], we
will also compare these findings in the present work with the newly
developed copolymers and study possible reasons for the observed
findings.

2. Experimental

2.1. Materials

All chemicals mentioned in the current contribution were used as
received unless stated otherwise. Chloroform (HPLC grade), diphosgene
(trichloromethyl chloroformate), anhydrous pyridine, neohexanol (3,3-
dimethylbutan-1-ol) and anhydrous dichloromethane were purchased
from Sigma Aldrich (Diegem, Belgium). Calcium hydride, lithium lac-
tate and mandelic acid were obtained from Acros Organics (Geel,
Belgium). Neohexanol was distilled over calcium hydride and stored
over molecular sieves (4 Å). Dry THF was obtained from a custom made
solvent purification system, provided by J.C. Meyer (Laguna Beach,
California, USA) using an aluminium oxide column provided by ni-
trogen as carrier gas and stored over molecular sieves (4 Å) until used.
All NMR spectra were recorded in deuterated solvents obtained from
Euriso-top (Saint-Aubin, France).

2.2. Methods

Polymerisation reaction mixtures were prepared in an Argon filled
Plas-Labs 850-NB glovebox (Plas-Labs, Lansing, Michigan, USA).

1H NMR spectra were recorded on a Bruker (Brussels, Belgium)
AVANCE Ultrashield spectrometer (300MHz). 13C NMR spectra were
recorded on a Bruker AVANCE II Ultrashield spectrometer (400MHz).
Free induction decays were converted to NMR-spectra by means of the
Topspin software package.

Attenuated total reflectance infrared (ATR-IR) spectroscopy was
performed on a PerkinElmer (Zaventem, Belgium) BioRad FTS 575C
combined with a specac (Orpington, United Kingdom) MKII Golden
Gate setup equipped with a diamond crystal. The results were analysed
with the Bio-Rad Win-IR Pro software.

Size exclusion chromatography (SEC) was performed on a Waters
(Zellik, Belgium) Alliance 2695 set-up coupled to an Agilent (Diegem,
Belgium) guard column (PLGel 5 µm) and a mixed D 5 µm column from
Polymer Laboratories (Middelburg, The Netherlands). The column was
eluted with HPLC grade chloroform at a flow rate of 1mLmin−1.
Detection was based on a Waters refractive index detector 2414. The
molecular weights were determined from the obtained retention times
via an external calibration curve using polystyrene standards
(1.2–177 kgmol−1). Samples were prepared by dissolving 10mg of
polymer in 2mL HPLC grade chloroform. The resulting solutions were
passed through a 0.45 µm syringe filter, transferred to a mass vial and
subsequently analysed.

Thermogravimetric analyses (TGA) were performed on a TA
Instruments (Zellik, Belgium) Q50 TGA device. Samples (5–20mg)
were placed in a platinum sample pan and automatically loaded into
the furnace. All experiments were performed under inert atmosphere
(N2). When the sample had been placed in the furnace, the temperature
was set to equilibrate at 45 °C after which the temperature was ramped
to 800 °C at a heating rate of 10 °Cmin−1. Data analysis was performed
using TA Instruments' Universal Analysis software and provided the
temperature at which respectively 1% and 5% mass loss was observed,
the degradation onset temperature and the amount of residue at 800 °C.

Differential scanning calorimetry (DSC) was performed on a TA
Instruments (Zellik, Belgium) Q2000 DSC device. Samples (5–10mg)
were placed in hermetic T0 aluminum sample pans and subsequently
sealed using an aluminum hermetic lid. Samples were then introduced
into the device furnace and equilibrated at 45 °C and subsequently
ramped at 10 °Cmin−1 to the temperature at which 1% mass loss was
observed in the preceding TGA analysis. The sample was kept

isothermal for 5min and cooled at 10 °Cmin−1 to −10 °C followed by
another isothermal period of 5min. Finally, the sample was reheated to
the previous maximum temperature at 10 °Cmin−1. Data analysis was
performed using TA Instruments' Universal Analysis software and pro-
vided the glass transition for the studied materials.

2.3. Synthesis procedures

2.3.1. Synthesis of lacOCA
LacOCA was prepared following a slightly adapted procedure found

in literature in order to guarantee the formation of 100% pure
monomer [20]. In brief, 9.6 g (100mmol) D,L-lithium lactate was dis-
solved in 150mL dry THF and was placed in an ice bath. A solution of
12.07mL (100mmol) trichloromethyl chloroformate in 25mL of an-
hydrous THF was slowly added to the D,L-lithium lactate suspension
over 20min at 0 °C. The suspension was stirred for 2.5 h at room tem-
perature. After 2.5 h, THF was removed in vacuo. The collected liquid
was carefully quenched with isopropanol. 50mL diethyl ether was
added to the residue to precipitate the Li-salts which were subsequently
removed via filtration. The filtrate was concentrated in vacuo to ap-
proximately 10mL in volume. The collected diethyl ether fraction was
carefully quenched with isopropanol. The concentrated solution was
layered with anhydrous hexane and placed in a freezer at −20 °C
overnight to induce crystallization. The supernatant liquid was re-
moved via filtration and the formed crystals were thoroughly washed
with hexane. Pure lacOCA was obtained with a yield of 66.7%.

1H NMR (400MHz, CDCl3) δ 5.14 (q, J=7.1 Hz, 1H, CH), 1.72 (d,
J=7.1, 2.7 Hz, 3H, CH3) ppm. 13C NMR (100MHz, CDCl3) δ 167.71 (s)
(CO), 148.15 (s) (OC(O)O), 76.26 (s) (CHCH3), 16.64 (s) (CH3) ppm.
FT-IR (ATR, cm−1): 1879 (ν(C]O)), 1788 (ν(C]O)), 1256 (COeO),
1126 (COeO), 1101 (CeO), 1075 (CeO), 1035 (COeOCO)

2.3.2. Synthesis of manOCA
Unlike the typical synthesis method reported earlier for manOCA

[21], manOCA was prepared following the same reaction procedure
than lacOCA since similar yields were obtained compared to literature
while following an easier work-up procedure (data not shown) [22]. In
short, 15.22 g (100mmol) of D,L-mandelic acid was dissolved in
150mL dry THF and was placed in an ice bath. A solution of 12.07mL
(100mmol) trichloromethyl chloroformate in 25mL dry THF was
slowly added to the mandelic acid solution over 20min at 0 °C. The
solution was stirred for 16 h at room temperature. The work-up of the
reaction differed slightly from the work-up of the lacOCA monomer
since for manOCA, no lithium salts needed to be removed after reaction
with diphosgene. More specifically, after 16 h, THF was removed in
vacuo until approximately 10mL in volume was retained. The collected
liquid was carefully quenched with isopropanol. The concentrated so-
lution was layered with anhydrous hexane and placed in a freezer at
−20 °C overnight to induce crystallization. The supernatant liquid was
removed via filtration and the formed crystals were thoroughly washed
with hexane. 1H NMR spectroscopy indicated the presence of remaining
mandelic acid. Therefore, 100mL anhydrous diethyl ether was added to
the formed crystals to dissolve both manOCA and the impurities. The
solvent was subsequently removed in vacuo to result in approximately
10mL in volume. Next, the residue was layered with dry hexane and
placed in a freezer at −20 °C to induce crystallization. The supernatant
liquid was again removed via filtration and the formed crystals were
thoroughly washed with hexane. Pure manOCA was obtained with a
yield of 83.8%.

1H NMR (400MHz, CDCl3) δ 7.53–7.46 (m, 3H, C6H5), 7.46–7.40
(m, 2H, C6H5), 6.01 (s, 1H, CH) ppm. 13C NMR (100MHz, CDCl3) δ
165.44 (OC(O)O), 148.12 (CO), 130.93 (C6H5), 129.68 (C6H5), 129.37
(C6H5), 126.27 (C6H5), 80.56 (CH) ppm. FT-IR (ATR, cm−1): 1879
(ν(C]O)), 1788 (ν(C]O)), 1600 (ν(C=C)), 1501 (ν(C=C)), 1256
(COeO), 1126 (COeO), 1101 (C-O), 1075 (C-O), 1035 (COeO-CO),
733 (δ aromatic C-H), 698 (δ aromatic C-H)
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2.3.3. Comparison of reaction kinetics for both lacOCA and manOCA
To compare the polymerisation kinetics of lacOCA and manOCA,

both monomers were polymerised to an intended DP of 100. After the
addition of 10mmol of each monomer and 10mL of DCM to two se-
parate flame-dried Schlenk vials in an argon filled glovebox, these vials
were sealed with a rubber septum. Separate solutions of initiator and
catalyst were prepared by diluting neohexanol and pyridine 10 times in
DCM. Both monomer solutions as well as the catalyst and initiator so-
lutions were removed from the glovebox and immediately frozen in
liquid nitrogen to allow three subsequent freeze-pumpthaw (FPT) cy-
cles. Appropriate amounts of initiator and catalyst solution (100 µmol)
were added simultaneously to the monomer solution which was placed
in a water bath at 25 °C in order to start the reaction. At regular in-
tervals, the reaction medium was sampled using dry and Ar-purged
syringes for subsequent analysis via 1H NMR spectroscopy and SEC.

2.3.4. General procedure of the (co)polymerisation of lacOCA and
manOCA

(Co)polymers of lacOCA and manOCA (target DP 100) were pre-
pared by adding the appropriate amounts of all reagents (Table 1) in
flame-dried Schlenk vials. Given the low required amounts of initiator
and catalyst, 1:10 solutions in DCM were prepared. All reagents were
added to the Schlenk vials in an argon-filled glovebox to prevent the
enclosure of moisture. Subsequently, the vials were closed with rubber
septa and removed from the glovebox. The reaction mixture was frozen
by means of liquid nitrogen after which the vials were connected to the
Schlenk line and three FPT cycles were performed to remove any re-
maining moisture and/or oxygen gas. After the final FPT-cycle, the vials
were brought under Ar-atmosphere and placed in a water bath at 25 °C.
The solutions were stirred for 24 h. Subsequently, the obtained poly-
mers were precipitated in cold methanol. The polymer was finally re-
moved via filtration and dried in vacuo.

3. Results and discussion

The most commonly used biodegradable amorphous polyesters that
can be produced from renewable resources are typically characterized
by relatively low Tg values (circa 50 °C for amorphous PLA and PLGA).
This implies that these polymers can only be used for applications with
a limited temperature range, as at elevated temperatures (i.e. higher
than 50 °C), these polymers would start to deform. To overcome this
limitation, we applied lacOCA and manOCA for the first time to syn-
thesize degradable random copolymers that are based on renewable
resources with tailored Tg values and degradation times (vide infra).

3.1. Monomer synthesis

The synthesis of the OCA monomers was performed following a
slightly modified procedure found in literature [22]. We observed that
in the case of lacOCA, it was necessary to remove the precipitated Li-
salts after the cyclisation step with diphosgene, through addition of
diethyl ether and the subsequent filtration of the formed salts. Next, in
order to obtain pure lacOCA, the filtrate required to be concentrated in
vacuo to the point that crystallisation of the formed OCA monomer
occurred, after which recrystallization with anhydrous diethyl ether
and hexane allowed the formation of pure lacOCA (structure shown in
Fig. 1) (confirmed through 1H NMR spectroscopy) with a yield of
66.7%.

In case of manOCA, no Li-salts were formed after cyclisation,
therefore a slightly different purification protocol was used. After the
cyclisation step with diphosgene, the reaction mixture was con-
centrated in vacuo until crystallisation occurred and recrystallized with
anhydrous diethyl ether and layered with hexane allowed the formation
of pure OCA (structure shown in Fig. 1) (confirmed through 1H NMR
spectroscopy), with a yield of 83.8%.Ta
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3.2. Monomer stability study

Prior to the use of the lacOCA and manOCA for polymerisation
experiments, their stability was assessed under different storage con-
ditions. These experiments were performed with the aim to exclude the
possible generation of α-hydroxy acids through spontaneous OCA ring-
opening, which results in the formation of an alcohol functionality
which can act as a nucleophile and therefore as additional initiator
during the subsequent polymerisation, leading to a lowering of the
resulting molecular weight. To this end, monomers were stored under
different conditions and their stability was monitored via 1H NMR
spectroscopy at regular intervals. For this study, monomers were stored
in vacuo, under argon or nitrogen atmosphere and using phosphorus
pentoxide as a drying agent. These conditions were compared at dif-
ferent temperatures (i.e. −20 °C, 4 °C and room temperature). The re-
sults of this study (included in the supporting information Figs. 1 and
2), indicated that under all conditions, spontaneous ring-opening of the
monomers occurred. Moreover, it was shown that 30 to 100% of the
lacOCA monomers were opened after 7 days depending on the storage
conditions, whereas for manOCA this value ranged between 3 and 10%,
depending on the exact storage conditions. This spontaneous ring
opening which leads to the formation of lactic acid or mandelic acid
should therefore be avoided to eliminate possible lowering of the mo-
lecular weight of the resulting polymers. It is thus crucial to perform the
reaction immediately after the monomer synthesis.

3.3. Kinetic study for the polymerisation of lacOCA and manOCA

Following the monomer study, the polymerisation kinetics of
lacOCA and manOCA were compared. To this end, both monomers
were homopolymerised to a target degree of polymerisation (DP) of 100
in dichloromethane (DCM) at 25 °C, using neohexanol as initiator and
pyridine as catalyst. At regular intervals, an aliquot of each reaction
mixture was collected, dissolved in deuterated chloroform and analysed
using both 1H NMR spectroscopy and SEC analysis (SEC chromatograms
are included in the supplementary information). For the SEC analysis of
poly(lacOCA), a correction factor of 0.58 was applied to correct for the
difference in hydrodynamic volume with the polystyrene standards
whereas for poly(manOCA) no correction factors could be found in
literature [23]. Note that with the above-mentioned OCA purification
protocols, it was possible to start the reaction with pure monomers
immediately after monomer synthesis to avoid spontaneous ring
opening.

Only for lacOCA, the monomer conversion could be determined
using 1H NMR spectroscopy due to overlap of the monomer and
polymer methine signals in case of manOCA (5.7–6.1 ppm). The
manOCA polymerisation was therefore only monitored via SEC. Fig. 2

indicates that the evolution of the molecular weight of poly(lacOCA)
versus the polymerisation time closely matches the conversion rate as
determined via 1H NMR spectroscopy. However, the data from Fig. 2
further reveal that the experimental molecular weight of both poly
(manOCA) and poly(lacOCA) are substantially lower (approximately
40%) in comparison to the theoretical one (vide infra). However, dis-
persities of both homopolymers remain below 1.2, indicating controlled
polymerisations. Fig. 3 shows the reaction kinetics for the polymerisa-
tion of lacOCA to be of first order.

3.4. Copolymerisation reactions of lacOCA and manOCA

After kinetic studies of the homopolymerization reactions of lacOCA
and manOCA, both monomers were used in copolymerization experi-
ments to assess the possibility of using both monomers to obtain
random copolymers (see Fig. 1). For these copolymerization assays, 1H
NMR analyses (see supporting information Fig. 4) indicated that both
monomers were present in the copolymers’ backbone. Moreover, the
ratios of the comonomers determined via integration of the methine
protons nicely correspond to the initial monomer feed in the copoly-
merization reaction mixtures. Furthermore, their chemical structure
was confirmed via ATR-IR spectroscopy (see supporting information
Fig. 3). Next, the polymers were analysed via size exclusion chroma-
tography (SEC) to assess the obtained molecular weights and dis-
persities (Table 1). Dispersities (ĐM) of the obtained polymers are all

Fig. 1. Reaction pathway for the preparation of lacOCA and manOCA and their subsequent copolymerisation.

Fig. 2. DP as a function of time for the homopolymerisation of lacOCA (●) and
manOCA (▴) determined via SEC. Conversion over time for lacOCA (- - -) de-
termined via 1H NMR spectroscopy compared to the theoretical DP over time
for lacOCA based on conversion (–).
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lower than 1.2, indicating controlled polymerisations. Despite taking
into account that the polymerisation reactions were performed im-
mediately after the monomer synthesis and with pure monomers, the
obtained molecular weights were observed to be 20–40% lower than
anticipated, depending on the constitution of the copolymer. Therefore,
it was hypothesized that this phenomenon could be attributed to a
different effect, which was anticipated to be the result of the basicity of
the catalyst (pyridine) which was used in combination with the acidity
of the α-proton of the OCA monomers (vide infra).

3.5. Monomer racemisation

It has been reported in literature that during polymerisation, race-
misation of OCA monomers can occur, depending on the applied cat-
alyst [24,25]. It was hypothesized that this racemisation under the in-
fluence of a basic catalyst such as pyridine occurs via an enolic
intermediate as depicted in Fig. 4 [25–27]. As an enol contains an al-
cohol moiety, which can act as an initiator for the ROP, the formation of
enolic intermediates results in lower experimental molecular weights.
The presence of the acidic α-proton in case of both manOCA and
lacOCA allows for deprotonation in the presence of a basic catalyst,
which results in the formation of the above mentioned enol species.

Indeed, this hypothesis was confirmed via four experiments. In a
first experiment, manOCA was dissolved in CDCl3 to which tri-
chloroacetyl isocyanate (TAIC) was added together with varying
amounts of pyridine. This mixture was subsequently measured using 1H
NMR and 13C NMR spectroscopy. TAIC is known to react quantitatively
with alcohol moieties and therefore can also react with enolic inter-
mediates thereby “locking” the enol species (Fig. 5) [14].

For this experiment, manOCA was dissolved in CDCl3, to which 3
equivalents of TAIC and varying amounts of pyridine were added. The
pyridine amount ranged between 0 and 5 equivalents relative to the
amount of manOCA. The 1H NMR spectra of these TAIC experiments are
shown in Fig. 6 and reveal the disappearance of the α-proton peak due
to the formation of this enolic intermediate and the reaction with TAIC,
resulting in the disappearance of the initial C-H signal. Note that for
each analysed sample, the same NMR sample was analysed at different
time points in order to make a correct comparison. Furthermore,
comparing different amounts of pyridine present in the reaction mix-
ture, it can be observed that, the more pyridine present, the faster the C-
H peak is disappearing, with full disappearance of the α-proton peak
after three days in all cases, except for the reference sample that did not
contain any pyridine. In a last experiment, pyridine was replaced by 2-
cyano-pyridine, which has a lower pKa value (−0.3) than pyridine
(5.3). It was anticipated that less enolic intermediate would be formed
due to the lower basicity of this pyridine derivative. Indeed, the 1H
NMR spectra show that there was no decrease in intensity of the α-
proton peak after 3 days. 13C NMR spectroscopy experiments (results

included in supplementary information Fig. 5) result in a similar con-
clusion. Indeed, the disappearance of the α-carbon peak together with
the simultaneous appearance of the associated quaternary carbon peak
in the presence of pyridine indicates the formation of the TAIC-
manOCA adduct as presented in Fig. 5. Moreover, this effect could not
be observed for the experiments in the absence of pyridine or in case the
less basic pyridine-derivative, i.e. 2-cyano-pyridine was used, implying
that in the latter case, no keto-enol formation occurred. Therefore, it is
anticipated that by using less basic catalysts, the issue with obtaining
polymers with lower experimental molecular weight could be resolved.
Preliminary polymerisation experiments using 2-cyano-pyridine as
catalyst were however not able to elevate the molecular weights (data
not shown). It is therefore anticipated that an alternative suitable cat-
alyst with a low basicity should be selected for each OCA monomer
used for polymerisation reactions. This is however beyond the scope of
the current work, albeit necessary to increase the molecular weights
obtained herein.

In a second experiment, the above-mentioned hypothesis was sub-
stantiated by the molecular mass analysis of the copolymers listed in
Table 2 based on 1H NMR spectroscopy. Table 2 provides a comparison
between the experimental and the theoretical DP of the lacOCA-
manOCA copolymers. The results indicated that the copolymers showed
lower DP’s than would be theoretically expected with the highest
contrast observed for the polymers containing the highest lacOCA
content. It is anticipated that the instability of the lacOCA monomer
(see supporting information Fig. 1) is resulting in spontaneous ring
opening of the monomer, leading to the in situ formation of lactic acid.
The α-hydroxyl functionality on this lactic acid can act as an additional
initiator for the ROP, resulting in a lowering of the obtained molecular
weights.

Thirdly, the hypothesis that monomer racemisation is leading to
lowering of the resulting molecular weight was confirmed in a third
experiment during which homopolymerisation reactions of manOCA
with different target molecular weights were compared. In Table 3, the
theoretical (200, 500 and 1000) and experimental DP’s are shown for
three different homopolymerisation reactions, using pyridine as a cat-
alyst, ethylene glycol as a bifunctional initiator (which was selected
since it contains two alcohol moieties in an attempt to double the
molecular weight of the resulting polymers and thus half the amount of
initiator was used compared to the experiments in which a mono-
functional initiator was used, vide supra) and DCM as a solvent. It can be
observed that the discrepancy between the theoretical and the experi-
mental DP is higher, for higher targeted DP. This effect can be explained
by the principle of Le Chatelier [28]. Considering the equilibrium re-
action depicted in Fig. 4, each time an enolic intermediate is consumed
as an initiator during a ROP reaction, the equilibrium will reinstate,
forming new enolic product that can again initiate a polymerisation
reaction. Therefore, the higher the targeted DP, the more this enolic
product will be formed and the lower the experimental DP compared to
the theoretical DP.

Moreover, in a fourth experiment, manOCA was synthesised starting
from the enantiopure R-mandelic acid which was subsequently poly-
merised to investigate racemisation in the polymer. Upon polymerisa-
tion of the enantiopure monomer, an isotactic polymer would be ex-
pected. However, analysis of the methine region of the resulting 1H
NMR spectrum (depicted in Fig. 7), did not show the singlet signal that
would be expected for an isotactic polymer but rather a peak pattern
that is associated with the formation of atactic polymer as reported
earlier in literature [29]. These results were confirmed via 13C NMR
spectroscopy experiments (as evidenced in Fig. 6 which is included in
the supplementary information). These experiments clearly show the
appearance of a second α-carbon signal at approximately 75 ppm due to
the racemisation of R-manOCA into S-manOCA.

Fig. 3. Reaction kinetics for the polymerisation of lacOCA.
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3.6. Thermal analyses

3.6.1. Thermogravimetric analyses
Despite the above-mentioned hurdles that were encountered with

respect to obtaining high molecular weight polymers, thermal analysis
of the synthesized lacOCA-manOCA copolymers was conducted. First,
thermogravimetric analyses (TGA) were performed to determine their
thermal stability. The results are shown in Fig. 8. Onset temperatures of
the five copolymers were comparable, with a maximum difference of
46 °C. Moreover, all copolymers exhibited degradation onset

temperatures that exceed 310 °C, showing excellent thermal stability.
The residue at 800 °C increased with increasing manOCA content in the
copolymers, with values ranging from 0.35 to 3.92%. This increase can
be attributed to the presence of the mandelic acid’s aromatic moieties
which result in char formation at elevated temperatures [30].

3.6.2. Differential scanning calorimetry
One of the main aims of this study was to design random copoly-

mers with a tailored Tg. Therefore, the Tg values of the studied copo-
lymers were determined using DSC. In Fig. 9, the Tg values are shown as

Fig. 4. Mechanism for the keto-enol tautomerisation of the monomers induced by the basic catalyst.

Fig. 5. Reaction pathway for the reaction of the enolic intermediate with TAIC.
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a function of the manOCA content. The Tg values increase as the
manOCA content in the monomer feed rises, proving our hypothesis
that the presence of aromatic side-group-containing monomer would
increase the Tg of the resulting copolymer which is assumed to be the
result of π-π stacking. Furthermore, it is anticipated that these values
can further increase when obtaining higher molecular weights as re-
ported earlier for poly(D,L-lactic acid) and poly(D,L-mandelic acid),
revealing maximum Tg values of respectively 50 and 100 °C as plateau
values once a sufficiently high molecular weight is reached [11,15].
Nevertheless, copolymers of lacOCA and manOCA containing 25mol%
of manOCA already exhibit a Tg value close to 60 °C. Moreover, as from
50mol% or higher, this value of 60 °C can easily be surpassed. More-
over, by further increasing the manOCA content, a maximum Tg value
of 90 °C could be obtained. These results indicate that by carefully
controlling the monomer feed during polymerisation, polymers can be
synthesized where the Tg can be altered from 42 °C up to 90 °C, de-
pending on the targeted application. Furthermore, for each polymer
only one Tg can be observed, leading to the conclusion that random
copolymers were formed instead of block-copolymers for which two Tg
values would be observed. Moreover, the lack of melting or crystal-
lisation peaks in the DSC thermogram prove the presence of amorphous
random copolymers.

3.7. Degradation assays

In a last part, the degradation of the synthesized copolymers in PBS
buffer (pH 7.4) was monitored via SEC over a time period of 100 days.

The results of the degradation profiles for the five copolymers is shown
in Fig. 10. The results indicate that increasing the manOCA content in
the copolymer, results in a lower molecular weight loss, proving our
hypothesis that the relative monomer ratio would influence the

Fig. 6. Zoom of the 1H NMR spectra of the mixtures of manOCA with pyridine
or cyanopyridine.

Table 2
Comparison between the theoretical and experimental DP (via SEC and 1H NMR
spectroscopy) for the obtained copolymers of lacOCA and manOCA.

Polymer DPtheo DPexp DPNMR

Poly(lacOCA) 100 73 57
Poly(lacOCA-co-manOCA) 75:25 100 81 60
Poly(lacOCA-co-manOCA) 50:50 100 77 58
Poly(lacOCA-co-manOCA) 25:75 100 71 99
Poly(manOCA) 100 63 75

Table 3
Comparison between three different target DP’s during homopolymerisation reactions of manOCA and their influence on the experimental DP.

Polymer Eq Glycerol Eq Man(OCA) Mnexp [g mol−1] Mntheo [g mol−1] Mwexp [gmol−1] ĐM DPexp DPtheo DPexp/DPtheo [%]

Poly(manOCA) DP200 1 200 8500 26,900 9600 1.13 63 200 31.5
Poly(manOCA) DP500 1 500 2100 67,200 2400 1.11 16 500 3.2
Poly(manOCA) DP1000 1 1000 2500 134,200 2800 1.13 18 1000 1.8

Fig. 7. 1H NMR spectrum of the methine region of poly(manOCA) synthesised
with enantiopure man(OCA).

Fig. 8. Mass evolution of the obtained lacOCA-manOCA copolymers as a
function of temperature, determined via TGA.

Fig. 9. Observed Tg values of the obtained copolymers, as determined with
DSC.
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degradation time of the resulting copolymers. Indeed, poly(lacOCA)
showed a total molecular weight loss of 94% after 100 days, while this
was only 18% for poly(manOCA), with intermediate degradation times
observed for the lacOCA-manOCA copolymers. By carefully controlling
the molecular composition of the copolymer, a suitable polymer can be
synthesized with a desired degradation profile, depending on the en-
visaged application.

4. Conclusions

In the present study, lacOCA and manOCA were used to obtain
random copolymers of lactic and mandelic acid via ring-opening-
polymerisation with the aim to synthesize biodegradable polymers
based on natural resources that allow control over both the Tg values
and the degradation time of the resulting copolymers. The polymers
were synthesized under relatively mild conditions and with high reac-
tion control, resulting in polymers with ĐM values below 1.2. Moreover,
it was shown that the Tg value of these copolymers could be adjusted by
controlling the lacOCA and manOCA monomer feed during copoly-
merisation. In this way, Tg values ranging from 42 °C up to 90 °C could
be obtained, rendering these polymers particularly interesting for ap-
plications that require polymers with structural rigidity at elevated
temperatures such as for example in (food) packaging or as implantable
materials. Next to their tuneable Tg, it was also shown that degradation
times could be increased with increasing manOCA content in the co-
polymer, ranging from 94% molecular weight loss for poly(lacOCA) to
only 18% molecular weight loss for poly(manOCA) after 100 days.
Furthermore, these copolymers were used as a case study to prove that
OCA monomer racemisation which is induced by the basicity of the
applied catalyst is the reason for the consistently lower experimental
molecular weights. This is an effect that is generally observed when
using OCA monomers for ROP.

With the aim to obtain higher molecular weight polymers in the
future, catalysts need to be carefully selected for each type of OCA
monomer in order to limit the degree of racemisation during poly-
merisation and its effect on the resulting molecular weight. This is
however beyond the scope of this research, yet interesting to be as-
sessed in the future.
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