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RAFT Polymerization of a Biorenewable/Sustainable
Monomer via a Green Process

Friso G. Versteeg, Niels C. Hegeman, Khaled O. Sebakhy, and Francesco Picchioni*

A biorenewable polymer is synthesized via a green process using the RAFT
principle for the first time in supercritical CO2 at 300 bar and 80 °C.
𝜶-Methylene-𝜸-butyrolactone polymers of various chain lengths and
molecular weights are obtained. The molecular weights vary from 10 000 up
to 20 000 with low polydispersity indexes (PDI <1.5). Furthermore, the
monomer conversion in supercritical CO2 is substantially higher, respectively
85% for ScCO2 compared to ≈65% for polymerizations conducted in dimethyl
formamide (DMF) solvent. Chain extensions are carried out to confirm the
livingness of the formed polymers in ScCO2. This opens up future
possibilities of the formation of different polymer architectures in ScCO2. The
polymers synthesized in ScCO2 have glass transition temperature (Tg) values
ranging from 155 up to 190 °C. However, the presence of residual monomer
encapsulated inside the formed polymer matrix affects the glass transition of
the polymer that is lowered by increasing monomer concentrations. Hence,
additional research is required to eliminate the remaining monomer
concentration in the polymer matrix in order to arrive at the optimal Tg.

1. Introduction

Current environmental constraints along with the depletion of
fossil fuels necessitates the use of greener materials in society.
Thus, research on biorenewable plastics has tremendously in-
creased over the past 20–30 years, now that the consequences
of using oil based plastics unfold on the environment.[1–3] Not
only is the focus placed on the recycling of already made plastics
but also on the green chemistry’ of producing new plastics from
different biomass sources.[4–6] Biobased monomers are the most
sustainable, renewable, abundant, and ubiquitous biomass avail-
able in nature, as they are present in plants.[7] Hence, one of those
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aspects is to use biorenewable monomers,
like 𝛼-methylene-butyrolactones. Those
biobased monomers are cyclic analogues
of methyl methacrylate (MMA), containing
a five membered exocyclic butyrolactone
ring. 𝛼-Methylene-𝛾-butyrolactone (𝛼-MBL)
monomer can be found in extremely
small quantities in tulips, hence it is also
called Tulipalin A. A better way to obtain
methylene lactones is to synthesize them
from itaconic acid, which is present and
readily available from biomass sources
like rice and corn.[8] A few studies have
been performed on transforming itaconic
acid into compounds similar to cyclic
lactones.[8–13] The polymerization of these
monomers will lead to plastics with ad-
vanced thermal properties. On average the
glass transition temperature of these cyclic
lactones is ≈195 °C. For the sake of com-
parison, poly-methylmethacrylate (PMMA)
and polystyrene (PSTY) only have a glass

transition temperature of ≈100 °C, making them unsuitable
for higher temperature applications. Additionally, polymers ob-
tained from 𝛼-methylene-𝛾-butyrolactone monomers possess sol-
vent and scratch resistance and advanced optical properties.[8,15]

By employing reversible addition−fragmentation chain-
transfer (RAFT) polymerization technique, the control over the
polymerization can be achieved.[14–15] The molecular weight can
be predetermined by choosing the right amount of RAFT agent,
monomer, and initiator concentration, while maintaining chain
end fidelity and a low polydispersity index (PDI). By reactiva-
tion of the chain end groups of the functional polymer, new
monomers can be added to the already existing polymer (i.e.,
chain extension) to produce block-, graft-, and star- (co)polymers
and more other complex architectures.[16–18] However, many
efforts in polymerizing this class of monomers still relies on
the use of classical organic solvents with the corresponding,
generally high, environmental impact. In this the use of a green
solvent would ideally render the overall product and process to
make it much more attractive from an environmental point of
view.

Among all possible choices, the use of supercritical fluids, and
more specifically supercritical carbon dioxide (ScCO2), as an al-
ternative solvent or extraction medium has been on the rise the
past decade.[19–22] One of the important aspects why CO2 is being
used is the general low parameter criteria to realize supercritical
conditions (P = 73 bar and T = 31 °C) and the low-toxicity and
nonflammable aspect. Supercritical CO2 is a unique fluid with
high diffusivity where it can be seen as a hybrid between a gas
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Scheme 1. Chemical structure of the RAFT agent used in this work.

and a liquid, meaning the density of a liquid and the viscosity
of a gas. Above the critical point of CO2, it is possible to adjust
the parameters for each specific process. Typically, higher pres-
sures are being used for the polymerization reaction (≈300 bar)
as that increases the solvation power of the ScCO2, due to an in-
crease of the density. RAFT polymerization of styrene and methyl
methacrylate in ScCO2 have already been extensively researched
but, to the best of our knowledge, the use of a biorenewable
monomer for RAFT polymerization in ScCO2 has not been re-
ported yet which highlights the novelty of this work.[23–30]

In this study, we report the first controlled radical polymeriza-
tion of 𝛼-MBL via RAFT in ScCO2 to produce thermally stable and
sustainable polymers. Besides the ongoing transition to environ-
mentally benign solvents by eliminating the need for organic sol-
vents, an emerging interest is to replace conventional monomers
(derived from fossil fuels) by biorenewable substitutes (derived
from biomass) to produce sustainable polymers and natural al-
ternatives to petroleum sourced plastics in a green environment.
Furthermore, high conversions are reported in ScCO2 (>85%) in
comparison to solution polymerization (≈65%).

2. Experimental Section

2.1. Materials

𝛼-Methylene-𝛾-butyrolactone (𝛼-MBL) (>95% purity) was pur-
chased from TCI Chemicals and used as received without fur-
ther purification. 2,2′-Azobis(isobutyronitrile) (AIBN) free rad-
ical initiator was purchased from Sigma–Aldrich and was pu-
rified by recrystallization in methanol twice. 2-cyanoprop-2-yl
dithiobenzoate (RAFT agent, see Scheme 1 for chemical struc-
ture) was purchased from SigmaAldrich and used without fur-
ther purification. Poly(dimethyl siloxane monomethyl methacry-
late) (Mn =10 000 g mol−1) stabilizer was purchased from Flu-
orochem and used without further purification. All chemicals
were stored in a freezer at −18 °C.

2.2. Methods

RAFT-mediated polymerizations were carried out in a 100 mL
stainless steel Parr batch reactor with maximum pressure of
350 bar and a temperature range of−10 to 350 °C. Figure 1 shows
a schematic representation of the reactor with: 1) being the com-
pressor; 2) stirrer; 3) pressure indicator; 4) inlet for solution; 5)

Figure 1. Schematic representation of the experimental setup.

thermocouple; 6) main inlet of reactor; 7) clamps for the reactor;
8) heating jacket; 9) stirrer; and 10) temperature controller.

2.3. RAFT-Mediated Polymerizations

2.3.1. Experimental Procedure for Polymerization of 𝛼-MBL in
ScCO2 at Different Temperatures

A 25 mL round bottom flask was charged with AIBN (0.04 g),
RAFT agent (0.11 g), PDMS-MA (5 wt.% of 𝛼-MBL), and 𝛼-MBL
(10 g). When the AIBN and RAFT agent were fully dissolved the
flask was purged under Argon atmosphere and flushed for ≈30–
45 min. The reactor was leak tested by pressurizing the reactor
to 150 bar. Afterward the solution was transferred into a 100 mL
batch Parr reactor against a slow nitrogen purge flow to eliminate
oxygen from creeping in. Then the reactor was sealed, pressur-
ized, and heated to the desired temperature. When the desired
temperature was reached, additional CO2 was added into the sys-
tem to reach the final reaction pressure of ≈300 bar. Agitation was
set at 500 rpm and the reaction was left to proceed for 24 h to en-
sure full conversion of the monomer. After the reaction was com-
pleted, the reactor was cooled down to room temperature with a
cooling jacket. When room temperature was reached, pressure
was released slowly from the system until atmospheric pressure
was attained. The reactor was opened and the polymer powder
was discharged. The polymer was collected and dried in a vac-
uum oven at 200 °C overnight to remove impurities and residual
monomer. This purification method was chosen among at least
seven other methods. Eight milligrams of the product were dis-
solved in 2 mL dimethyl formamide (DMF) with 0.01 × 10−3 m
LiBr, the solution was then filtered into a GPC vial for molecular
weight analysis.

2.3.2. Experimental Procedure for Polymerization of 𝛼-MBL in
ScCO2 to Study the Effect of Reaction Time at 80 °C

The same preparation, as for the temperature influence experi-
ments, were conducted, however, the temperature for this set of
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experiments were all carried out at 80 °C. To determine polymer-
ization rate the reaction was stopped at different reaction times.
Conversions were calculated gravimetrically by drying in the vac-
uum oven at 200 °C.

2.3.3. Experimental Procedure to Target Various Molecular Weights

Finally, a set of experiments were conducted to target molecular
weights between 10–25 kg mol−1 by varying the monomer start-
ing concentration and/or the RAFT initial concentration. The ex-
act numbers are given in Table S1 (Supporting Information).

2.3.4. Experimental Procedure for the Chain Extension Experiments

Chain extensions were performed in solution. In a 25 mL
round bottom flask 2 g of macroRAFT was dissolved in 15 g
of DMF. When fully dissolved 2 g of additional monomer (𝛼-
MBL) were added together with AIBN in a ratio of macroRAFT
to AIBN = [5]:[1]. The solution was then purged under Argon for
30 min and placed in an oil bath at 80 °C. The polymerization
was left to proceed for 15 h before being quenched in an ice bath
and the polymer precipitated out in cold methanol and filtered.
Finally, the collected polymer was dried under vacuum at 100 °C
overnight.

2.3.5. RAFT Polymerization of 𝛼-MBL in DMF

Two polymers were synthesized in DMF to compare conversion
and polydispersity between the two different methods. A typical
solution RAFT polymerization was carried out as follows: first,
2 g of 𝛼-MBL were dissolved in 10 g of DMF. To this solution,
AIBN and the RAFT agent were added in a [5]:[1] molar ratio be-
fore purging this flask with Argon for 25 min. This solution was
then stirred at 350 rpm for 24 h at 100 °C, then the polymer was
extracted by precipitation in cold methanol and dried in a vacuum
oven at 140 °C.

2.3.6. Polymers Characterization

To quantify the polymers being made, three different methods
were used to analyze the polymers. Gel permeation chromatog-
raphy (GPC), Differential scanning calorimetry (DSC), Fourier-
transform infrared spectroscopy (FTIR) and nuclear magnetic
resonance (NMR). All GPC analysis was performed using an
Agilent (Santa Clara, California, United States) model 1200 se-
ries with 3x PSS GRAM analytical linear columns (300 × 8 mm
10 μm) at a flowrate of 1 mL min−1 at 50 °C with an injec-
tion volume of 20 μL. The eluent of the system was DMF with
10 × 10−3 m LiBr and Mn, Mw, and PDI were determined from
refractive index chromatograms using polystyrene standards by
using an Agilent 1200 refractive index detector with toluene as
reference peak. DSC analysis of polymer samples was performed
on a TA instruments Discovery DSC 25 equipped with a cooler
and auto sampler. Sampler were prepared using Tzero aluminum
pan and were analyzed in the following method: 100 to 220 °C

Table 1. Experimental results of RAFT polymerization of 𝛼-MBL in ScCO2
after 24 h at 300 bar with stirring of 500 rpm. Concentrations of [𝛼-
MBL]:[CPDB]:[AIBN]=[419]:[2]:[1].

Entry Mn [g mol−1] PDI T [°C]

T65 19 500 5.92 65

T70 28 900 4.91 70

T75 14 100 4.26 75

T80 14 000 1.38 80

T85 12 500 1.35 85

T90 14 000 1.38 90

T95 13 000 1.47 95

T100 14 100 8.0 100

Table 2. Experimental results of RAFT polymerization of 𝛼-MBL in DMF
after 24 h at 100 °C with 350 rpm stirring.

Entry Conversion [%] Mn [g mol−1] PDI

6 65 6200 1.37

7 70 11 000 1.49

at 10 °C min−1 heating rate, 220 to 100 °C at 10 °C min−1 cool-
ing rate and finally 100 to 220 °C at 10 °C min−1 heating rate.
The Tg of the polymers was detected in the second heating cycle
and processed by the software Trios v5.1.1.46572. Decomposition
temperature was determined by thermogravimetric analysis on a
Perkin Elmer TGA 4000. Under nitrogen atmosphere, samples
were heated from 25 to 600 °C at 20 °C min−1.

Data were processed using Pyris series TGA 4000 software.
Finally, a 1H NMR analysis was performed on an Oxford NMR
AS 400 spectrometer operating at 400 MHz NMR spectra were
recorded (8 scans) in deuterated DMSO-d6. Elemental analysis
was performed using a CHNS micro analyzer from Elementar.
2 mg were heated up to 1150 °C in a high-temperature combus-
tion unit. The micro cube is equipped with three gas-specific ad-
sorption columns. VarioMicro software was used to analyze the
results.

3. Results and Discussion

3.1. Influence of Temperature

To find out the influence of the temperature on the RAFT poly-
merization a small study was performed using different tem-
peratures. From Table 1, relatively high conversions (>85%) are
reached after ≈24 h. These values are significantly higher than
the ones obtained in DMF (only 60–65%) after 24 h at higher tem-
perature (Table 2). This statement holds true also in comparison
to other published works,[8] where only 50% monomer conver-
sion was reached in benzene after 10–20 h before gelation of the
polymerization medium took place. One key difference between
ScCO2 properties and that of DMF is the viscosity, ScCO2 has a
viscosity of ≈0.05 cP being less viscous than DMF which as a vis-
cosity of 0.67 cP at 40 °C, which may improve the diffusion and
transfer of radical species and monomer mobility in the propa-
gation steps, respectively.[31–34] Another effect that ScCO2 has on
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Table 3. Results of kinetic experiments performed at 80 °C and 300 bar.
Concentrations of [𝛼-MBL]:[CPDB]:[AIBN] = [419]:[2]:[1] with stirring of
500 rpm.

Entry Conversion [%] Mn [g mol−1] PDI Time [h]

K_0.5 66% 14 800 1.61 0.5

K_1 72% 12 200 1.53 1

K_2 74% 13 000 1.50 2

K_3 81% 15 700 1.32 3

K_4 85% 20 000 1.40 4

K_5 93% 19 000 1.34 18

the system is the swelling of the polymer. Üzer et al. reported
9–25% swelling of PMMA in ScCO2 in a range of 35–45 °C and
80–150 bar, while Shinkai et al. reported a swelling ratio of up to
25% at 300 bar.[35,36] It is within reason to assume that during the
polymerization process the produced polymer is also swelling,
making the growing polymer chains more accessible for propa-
gation with fresh monomer.

At higher temperatures the deviation tends to increase signif-
icantly. Below 80 °C no control was observed on the polymeriza-
tion of 𝛼-MBL in ScCO2. Above 100 °C, the control over the poly-
merization is lost. This may be due to the thermal degradation
of the RAFT agent, for which a kinetic degradation constant of
2.57 × 10−6 s−1 at 60 °C has been reported.[37] Another widely
used dithio raft agent, cumyl dithiobenzoate (CDB), also under-
went drastic thermal degradation when used in a temperature
range of 90–120 °C.[38] However, it must be noted that in DMF
solution the RAFT agent was still active at 100 °C. When com-
paring conventional solution RAFT polymerization with ScCO2
it seems that there is no difference in control over the polymeriza-
tion in ScCO2. Normally a homogeneous or bulk polymerization
gives a better control, and thus a lower PDI, than heterogeneous
polymerizations.[39] This seems to confirm, albeit indirectly, our
preliminary hypothesis that in ScCO2, due to the swelling effect
(vide supra), the polymerization seems to proceed in a more ho-
mogeneous way. Indeed, it is known that ScCO2 has a plasticiz-
ing and swelling effect on the polymer particles and when com-
bined with excellent mass-transfer this results in a high conver-
sion RAFT polymerization when compared to conventional het-
erogeneous polymerization. Namely, plasticization may facilitate
diffusion of monomer and initiator into the polymer phase of
heterogeneous polymerization.[40,41]

3.2. Kinetic Study

From the temperature dependence results it was concluded that
80 °C was the best temperature to conduct the kinetic experi-
ments on the RAFT polymerization of 𝛼-MBL in ScCO2. A kinetic
study on the RAFT polymerization of 𝛼-MBL was performed at
80 °C at various reaction times, as shown in Table 3. In this table,
the conversion, molecular weight and PDI are given.

From Table 3 the results of the kinetic experiment are shown.
Noteworthy is that high level of conversions are reached after
only 4 h. In Figures S3 and S4 (Supporting Information), the two
plots are made in which the molecular weight vs the conversion
and the ln([M0]/[Mt]) is shown. Both graphs indicate clear limi-

Table 4. Results of experiments targeting different molecular weights at
80 °C and 300 bar, polymerizations run for 24 h with a stirring of 500 rpm.

Entry Mn [g mol−1] PDI

1 7500 1.41

2 10 000 1.50

3 14 000 1.38

4 14 700 1.26

5 18 600 1.22

tations in the control of the polymerization at larger conversion
values and reaction times. 1H NMR spectra of all experiments
were taken and can be found in the supporting information Fig-
ures S5–S9 (Supporting Information). At longer reaction times
higher conversions were observed as the peak area at 5.6 and
6.2 ppm decrease over time which corresponds to the C═C bond
of the monomer, as seen in Figure 2. A few small peaks are ob-
served in the spectra as well; this is attributed to the monomer
not being >99% pure. The 1H NMR spectra of the monomer can
be found in the supporting information Figure S6 (Supporting
Information).

However, due to losses of monomer during the ScCO2 removal
it is difficult to obtain accurate representations of the monomer
conversion during the polymerization. Nevertheless, a consistent
increase in molecular weight in time is observed for the kinetic
experiments with one outlier at 0.5 hours.

3.3. Different Chain Lengths

A series of experiments were conducted to synthesize PMBL of
various chain lengths between 10 and 20 kg mol−1 polymers (un-
der the assumption of 100% conversion). This was done by vary-
ing the monomer concentration and/or the raft concentration at
80 °C. The results of those are given in Table 4.

We might notice that the control of the polymerization seems
to improve (relatively lower PDI values) when targeting higher
molecular weights.

3.4. Chain Extension

A key feature of RAFT polymerization is the ability to reinitiate
the polymer chain with AIBN to continue the propagation. This
opens up the ability to make different kind of polymer architec-
tures like block and star polymers.[25] In this study chain exten-
sions were done with additional monomer of 𝛼-MBL in solution.
For the chain extension two MacroRAFT samples were chosen
that were synthesized in ScCO2 and dissolved in DMF with addi-
tional monomer and AIBN. The results of these experiments are
shown in Table 5.

In Figure 3, the GPC graphs are plotted against the original
MacroRAFT being used. The GPC traces display an increase of
molecular weight of the PMBL sample. Dissolving of the made
MacroRAFT and reinitiating of this polymer showed the chain-
end fidelity of the polymers synthesized in supercritical CO2 with
relative narrow PDI’s and close molecular weight compared to
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Figure 2. Stack plot of 1H NMR spectra in d6-DMSO.

Figure 3. Chain extension experiments. a) CE_1 and b) CE_2.

Table 5. Results of Chain-Extension experiments. Reactions performed at
80 °C in a 25 mL reactor for 15 h with stirring of 350 rpm.

Entry Mn MacroRAFT [g mol−1] Mn [g mol−1] PDI

CE_1 14 800 22 500 1.6

CE_2 13 000 18 433 1.7

theoretical weight. In future work chain extensions experiments
in supercritical CO2 will be considered as well as the use of dif-
ferent kind of monomers.

To ensure that the polymerization was indeed a success, IR
spectra and 1H NMR of the monomer and of the polymers were
recorded and compared in Figure 4 and Figure S10 (Supporting
Information) with Figure S11 (Supporting Information).

The distinctive C═C peak that is present in the monomer 𝛼-
MBL at 1666 cm−1 cannot be found anymore in the spectrum
of the formed polymer, confirming that the polymerization was
successful.

In Figure S11 (Supporting Information), a 1H NMR is taken
from entry 3 of the RAFT polymerization of 𝛼-MBL in supercriti-
cal CO2. It is clear that some residual monomer is left inside the
polymer as there are two distinctive peaks at 5.6 and 6.2 ppm that
indicates the C═C bond of 𝛼-MBL. Nonetheless the backbone of
the polymer can also be found at the 2 ppm region, indicating that
RAFT polymerization did occur. By dissolving the formed poly-
mer and precipitate it back into methanol, the residual monomer
and impurities were removed as can be seen in Figure S12 (Sup-
porting Information). Furthermore, another way of removing the
monomer from the polymer is by using a vacuum oven at 200 °C
for 3 h see Figure S13 in Supporting Information.
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Figure 4. IR spectrum of 𝛼-MBL and PMBL.

Poly(methylene butyrolactones) are known for their high glass
transition temperatures and solvent resistance.[8] Typically glass
transition temperatures are ≈195 °C, where the estimated en-
tanglement molecular weight from rheological measurements is
≈10.6 kg mol−1.[15] For the RAFT polymerizations in supercritical
CO2, lower Tg is observed than is expected (Figure S14, Support-
ing Information).

This is due to the low residual monomer concentration in-
side the polymer. It has been shown that residual monomer
in the polymer can act as a plasticizer and decrease the Tg
significantly.[41–44]

Due to the robust nature of the polymer, when venting off the
CO2, a hard rock solid is formed at the bottom of the reactor in
which it is shown that residual monomer is getting entrapped.
On the 1H NMR graphs, distinctive monomer peaks are shown
that indicates the presence of 𝛼-MBL. To further quantify this the-
ory, a small part of the polymer is dissolved in DMF and stirred
overnight at 100 °C before being precipitated in cold methanol
and dried in the vacuum oven overnight at 100 °C. The collected
polymer was analyzed again in the DSC and a Tg of 195 °C was
found, indicating no residual monomer being left (see support-
ing info). In Figure S15 (Supporting Information), the difference
is shown of entry 3 in glass transition temperature before and
after purification. A clear shift to the desired 195 °C is evident.

Also two different values for the Tg of the poly(𝛼-MBL) are
shown in DMF. The Mn of this entry (6) is 6200 g mol−1 which
is below the entanglement molecular weight resulting in a lower
Tg.[15] When entry 11 was above Mc (11 000 g mol−1), the Tg cor-
responds to the previously reported value of 195 °C.

4. Conclusion

Biomass-derived monomers based on five-membered 𝛾-
butyrolactone ring (e.g. 𝛼-MBL) represent suitable and attractive
candidates to replace sources of fossil origin. We envisage a
state-of-art process using a green solvent (ScCO2) to polymerize
bio renewable/sustainable monomer (𝛼-MBL) in a controlled

fashion with the RAFT technique. Various polymers of molec-
ular weights varying from 10 000 up to 20 000 g mol−1 were
produced at 80 °C with low polydispersity indexes (PDI < 1.5).
Also the effect of the reaction temperature was studied, where
the ideal temperature for this polymerization is between 80 and
95 °C. Furthermore, the conversion of the polymerization in
supercritical CO2 is substantially higher, respectively 85% for
ScCO2 compared to ≈65% for polymerizations carried out in
DMF. The livingness of the formed polymers was confirmed by
chain extension experiments in solution, with a clear growth
in molecular weight before and after. This further indicates
that controlled radical polymerization of a high temperature
stable polymer is possible in supercritical CO2 and opens up
possibilities of the formation of different polymer architecture
structures in CO2. The polymers synthesized in ScCO2 have Tg
values varying from 155 up to 190 °C. However, the presence
of residual monomer encapsulated inside the formed polymer
matrix affects the glass transition of the polymer that lowers it.
Therefore, additional research is required to control the remain-
ing monomer concentration in the polymer matrix in order to
arrive at the optimal Tg without adding extra purification steps.
Possibly this can be realized via changes to the experimental
procedure used and/or changes to the set-up to overcome this
effect. Finally, those sustainable polymers can find potential
applications at high temperatures.
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