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Carbonatation of [ethylene—glycidyl
methacrylate]-based copolymers with carbon
dioxide as a reagent: from batch to solvent-free
reactive extrusiont

Bruno Guerdener, 2P Virgile Ayzac,? Sébastien Norsic,? Paul Besognet,®
Véronique Bounor-Legaré,*® Vincent Monteil, () * Véronique Dufaud, (2 *?
Jean Raynaud 2 *® and Yvan Chalamet*©

The carbonatation of semi-crystalline [ethylene—glycidyl methacrylate]-based polymers (Lotader®
grades) was achieved using carbon dioxide as a reagent and quaternary ammonium salts as organo-
catalysts to transform the polymers’ epoxide pendant groups into cyclic carbonate moieties. A batch
reactor allowed us to assess the kinetics, dependence on a catalyst and overall potential of this carbonata-
tion. The influence of the ammonium salt composition (anion/cation) was studied in toluene at 110 °C to
circumvent the high melting temperatures of these ethylene unit-rich copolymers and obtain a homo-
geneous medium. The amount of catalyst, CO, pressure and temperature were also optimized (TBAB,
5 mol% vs. epoxy content, 4.0 MPa, 110 °C) to allow for quantitative conversion of epoxides into cyclic
carbonates. Subsequently, the reaction was transposed, for the 1°* time, to reactive extrusion under CO,
using a dedicated co-rotating twin-screw extruder to allow for CO, containment within the polymer
melt. This solvent-free reactive process is perfectly adapted to semi-crystalline and/or high-T4 polymers.
After optimization, a yield of up to 78% of cyclic carbonate, in addition to orthogonal epoxide, could be
obtained with THAB (7.5 mol% vs. epoxy content, ~30 g h™* of cat.) at 150 °C with an industry-compliant
polymer flow rate of 2 kg h™*. The respective reactivities of Lotader® grades were compared in batch and
in an extruder, unveiling this trend towards carbonatation: AX8840 < AX8700 < AX8900. Sustainability and
enhanced productivity of the carbonatation methodology developed herein relies on the use of CO, as a
C1 reagent for the functionalization of epoxide-bearing polymers harnessing a continuous and clean
reactive extrusion process allowing, in a single operation and a few minutes, the production of functional
polymers at the kilogram scale under solvent-free conditions.

Introduction

The valorization of CO, into valuable chemical products has
been extensively studied in recent years.' More specifically,
the synthesis of carbonates via the reaction of mostly inert CO,
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with energy-rich epoxides has been the subject of great inter-
est, due to the multiple industrial applications of cyclic
carbonates®® and the high atom efficiency of this
transformation.’

Focusing on CO, upgrading for the advantageous derivati-
zation of epoxides into cyclic carbonates (cycloaddition) or car-
bonate linkages (e.g. polymerization), one can indeed manu-
facture useful industrial platform molecules or benefit from
the direct incorporation of CO, as a C1 building block in high-
tonnage materials."®>*> When post-modification of substrates
more complex than simple epoxides is considered, i.e., bio-
sourced fatty acids,>*>® bio-based epoxides****~*? or synthetic
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polymers featuring epoxide moieties,**° this transformation
may be relevant to improve the prospects of usability for
(macro)molecules while utilizing abundant CO,. There are two
possible routes for the cycloaddition of CO, to epoxides
depending on the nature of the chosen catalyst used. As cataly-
sis is well reported and exemplified in the literature (see
Schemes S1, S2 and the description of mechanisms in the
ESI{),""% it is very easy to select and tune the solubility/reac-
tivity/selectivity of the catalyst system to the needs for specific
carbonatation (physical properties, sterics and electronics of
the substrates in particular).

Very interestingly, when CO, is used in post-polymerization
as a derivatization agent (see Scheme 1), novel polymers
bearing cyclic carbonate functional groups can be created.
They have found applications in different sectors. They can be
used as solid electrolytes thanks to their good lithium ion con-
ductivity,®® mixed with other polymers to create homogeneous
films,>® or can play the role of reactive compatibilizers.*

Moreover, cyclic carbonates and epoxides may show orthog-
onal reactivity: cyclic carbonates are more prone to react with
amines than epoxides to produce, for example, hydroxyur-
ethane functions,'"'*'>?%%® and epoxides are more suscep-
tible to hydrolysis than cyclic carbonates.*”

However, in most cases, functionalization with CO, is
carried out on polar polymers highly soluble in polar solvents
in a batch reactor.®*™*° The chemical fixation of CO, to an
apolar and semi-crystalline polymer bearing epoxide moieties
is much more challenging (Scheme 1) because of the difficul-
ties in obtaining an intimate and homogeneous mixture of the
polymer, the CO, reactant and the catalyst.

In this work (see Scheme 1), we report on the development
and optimization of the conditions for converting the epoxide
groups of three different ethylene-containing copolymers, thus
mostly apolar copolymers - Lotader® grades AX8900, AX8700
and AX8840 (see Scheme 2 and Scheme S3 in the ESIf{ for

Apolar & semi-crystalline
[ethylene—glycidyl methacrylate]
based polymers

Innovations in 3%
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methodology for
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semi-crystalline
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Scheme 1 Transposition of carbonatation from batch to reactive

extrusion.
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Scheme 2 Structure of Lotader® AX8900, AX8700 and AX8840.

more details) - into the corresponding cyclic carbonates via
the organocatalyzed cycloaddition of CO, (Scheme 3) in batch
and by reactive extrusion processes. The reaction conditions
were first investigated in batch for a better understanding of
the influence of the different reaction parameters, and then
transposed to a solvent-free reactive extrusion process in order
to develop an original sustainable continuous process for the
modification of epoxidized polymers with CO,. This strategy
allows for the introduction of a cyclic carbonate moiety in
addition to and orthogonal to the remaining epoxides, which
could prove valuable for a wide variety of material
applications.?>”%7*

We chose to pursue metal-free mediated CO, fixation meth-
odologies for sustainability and material compatibility con-
siderations and to avoid problematic metallic residues in the
final polymer products. Among the organocatalysts developed
so far to enable the efficient transformation of molecular epox-
ides, one can cite onium salts with ammonium or phos-
phonium halides, ionic liquids and organic bases. Their cata-
Iytic behavior towards glycidyl-methacrylate based polymers
will be explored in the present work (Scheme 4).

W catalyst (5 mol%) W
—_—

(o) O 'O  CO,, toluene O O 00 O
o]
o} 0 =0

O
Scheme 3 Cycloaddition of CO, to Lotader®.

X-0,
-0,

) N °
R X X p—Bu
i 0
R’Q\R '5
Tetraalkylammonium halides 1-Alkyl-3: y olium  Butyltriphenylphosph
salts bromide
TBAI:R=Bu, X =1
Igﬁg{ E N S“- ;‘(f g CC4lmBr: R =Bu, X = Br
TEAR R=Et XD C1C4ImOAC: R = Bu, X = OAc
THAB: R = Hexyl, X = Br C4CglmBF: R = Octyl, X = BF
TOAB : R = Octyl, X = Br
)
g Co
N N
| X
H N
1,5,7-Triazabicyclo[4.4.0]dec-5 1,8-Diazabi (5.4. 7-ene
(TBD) (DBU)

Scheme 4 Catalysts studied in this work.
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Results and discussion
Screening of the catalysts

First, commercially available organic salts such as tetrabutyl-
ammonium bromide (TBAB), butyltriphenylphosphonium
bromide (PPh;BuBr),1-butyl-3-methylimidazolium bromide
(C1C4ImBr), 1-butyl-3-methylimidazolium acetate (C;C,ImOAc)
and 1-methyl-3-octylimidazolium tetrafluoroborate (C;CgImBF,),
and organic bases such as 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD) and 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) were
tested as catalysts for the cycloaddition of CO, to the Lotader®
AX8900 under the following conditions: 110 °C, 5 h, 4.0 MPa
of CO, and 5 mol% of catalyst. Toluene was used to solubilize
the Lotader® AX8900. We did attempt to realize the transform-
ation under “solvent-free” conditions in our batch reaction;
however, very heterogeneous reaction media were obtained,
even after 5 h of reaction (see Fig. S33 and Photo S1 of the
ESIt), and inconsistent and low conversions in carbonates
were achieved. Toluene is a good solvent for Lotader® grades
and is easily accessible to most research teams. As shown in
Table 1, epoxide activation with halide anions proved to be the
best route to achieve satisfactory conversion (Table 1, entries
1-3), whereas only traces of cyclic carbonates were observed
when using sterically hindered nucleophiles and bases
(Table 1, entries 4-7). TBAB showed the best performance for
the carbonatation of Lotader® AX8900 with a quantitative
yield of cyclic carbonate (Table 1, entry 1). It should be noted
that the imidazolium and phosphonium salts were only par-
tially soluble in toluene at 110 °C unlike TBAB (completely
soluble, even at room temperature), which may explain their
low reactivity. The formation of the cyclic carbonate product
was confirmed by IR-ATR (Fig. 1) and "H NMR (Fig. 2). After
5 hours of reaction of Lotader® AX8900 with CO, catalyzed by
TBAB, the characteristic band of epoxide at 911 cm™ dis-
appeared with the concomitant appearance of the band at

Table 1 Screening of catalysts?

W catalyst (5 mol%) W

Toluene 4.0 MPa of o
CO,, 110°C, 5h |

o %ﬁﬁo

Entry Catalyst yield” (%)
1 TBAB 99¢

2 PPh,;BuBr 6

3 C;C4ImBr 24

4 C,C4ImBF, 0

5 C,C4ImOAc 2

6 TBD 1

7 DBU 10

% Conditions: 2.0 g of Lotader® AX8900 (1.1 mmol of glycidyl methacry-
late), 0.057 mmol of catalyst (5 mol%), 2.0 mL of toluene, 110 °C, 4.0
MPa of CO,, 5 h. ?Yield determined by IR-ATR us1ng a cahbratlon
curve (see Fig. S18 in the ESIf). °Yield determined by '"H NMR (see
Fig. S20 in the ESIY).

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 IR-ATR spectra of the Lotader® AX8900 and the modified
Lotader® AX8900 with CO, (Table 1, entry 1).
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Fig. 2 'H NMR (TCE/CgDe, 400 MHz) spectra of Lotader® AX8900 and
the modified Lotader® AX8900 with CO, (Table 1, entry 1) (see also
Fig. S2 in the ESI7 for further details).

1820 cm ™" typical of the C=O0 stretching vibration of cyclic car-
bonates’” (Fig. 1). On the other hand, the 'H NMR signals g, h
and i related to the glycidyl methacrylate monomers almost
disappeared and new signals h’, g’ and i’ corresponding to the
carbonate product appeared.

Since tetrabutylammonium bromide proved to be the best
performing catalyst, other key parameters such as the struc-
tural catalyst features and reaction conditions were assessed in
the following studies using tetraalkylammonium halide salts
with different substituents and counteranions.

Influence of the halide

The influence of the halide anion on the reaction kinetics is a
crucial parameter to take into account as it is involved in
epoxide ring-opening, the first step of the catalytic cycle. The
pseudo-first order kinetics of the reaction was assessed with
tetrabutylammonium iodide (TBAI) and TBAB (Fig. 3).
Assuming that the concentrations of CO, and catalyst are con-

Green Chem., 2023, 25, 6355-6364 | 6357
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Fig. 3 Influence of the halide anion on the reaction kinetics in the
cycloaddition of CO, to Lotader® AX8900: (a) plot of eqn (3) and (b)
plot of egn (2). Conditions: 2.0 g of Lotader® AX8900 (1.1 mmol of gly-
cidyl methacrylate), 0.057 mmol of catalyst (5 mol%), 2.0 mL of toluene,
110 °C, 4.0 MPa of CO,. Yield was determined by IR-ATR using a cali-
bration curve (see Fig. S18 in the ESI{).

stant in the liquid phase over time, the reaction rate could be
written as:

dCepoxide

dt = kobs - Cgpoxide (1)

where kobs = k - C2, - Catalyst-

If the reaction follows the pseudo-first order kinetics, the
differential equations can be integrated, and k., can be esti-
mated as:

C .
11‘1( epoxnde,o) — Kops - £ (2)

Cepoxide

As no side-reaction was observed with TBAI and TBAB, the
yield of the cyclic carbonate product is equal to the conversion
of the epoxide moiety and can be expressed as follows:

Yield = 1 — e “omst, (3)

Fig. 3 shows the plots of eqn (2) and (3). From these data
the rate constant k., was estimated to be 0.76 h™' and
0.91 h™" for the reaction catalyzed with respectively TBAI and
TBAB, suggesting that Br~ has a higher catalytic activity than
I". In the case of the carbonatation of terminal molecular

6358 | Green Chem., 2023, 25, 6355-6364
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epoxides under neat conditions or in apolar solvents such as
toluene, the order of activity follows the order of halide nucleo-
philicity and leaving group ability: I~ > Br~ > ClI” >
FA1A5,53,6465,73°75 gyt in the case of the carbonatation of
sterically hindered terminal epoxides, a good balance between
the halide size and its leaving group ability is required.”>”> A
too voluminous and polarizable halide would not favor the
attack of the halide on the epoxide, which could explain why
I" is less active than Br™.

In the case of tetrabutylammonium chloride (TBAC), the
consumption of the formed cyclic carbonates was observed
after 1 h of reaction at 110 °C (Fig. 3(a)), which could be due to
a secondary reaction, leading to a polymer less or even non-
soluble in toluene, likely due to crosslinking, compared to the
modified polymers obtained with TBAI and TBAB. Ochiai et al.
observed a similar behaviour with CO, fixation to poly(glycidyl
methacrylate-co-methyl methacrylate) catalyzed by tetrabutyl-
ammonium fluoride (TBAF) and suggested that polymerization
of the sole epoxide to polyethers was favored due to the weak
leaving group ability of the fluoride anion.’® Once enough
cyclic carbonate species are generated, a direct nucleophilic
attack of the alkoxide on the carbonate ring with subsequent
decarboxylation could yield several polyether repeating units
leading to some insoluble material, which was also observed
in our case (see Scheme 5 and the CPMAS-NMR spectra of
Fig. S24 in the ESIY).

Influence of the alkyl chains

Ammonium bromide salts such as tetraethylammonium
bromide (TEAB), TBAB, tetrahexylammonium bromide (THAB)
and tetraoctylammonium bromide (TOAB) were chosen to
study the influence of the alkyl chains’ length. As shown in
Fig. 4, one can observe that the length does influence the cata-
lytic activity. After 1 h of reaction at 110 °C, the following cata-
Iytic reactivity order was obtained: TEAB <« TOAB =~ TBAB <
THAB. These results showed that increasing the length of the
alkyl chains, while improving solubility in the apolar medium,
makes the ammonium cation bulkier and thus decreases the
electrostatic interactions between the ion pairs. This results in
greater nucleophilicity of the anion and hence enhanced reac-
tivity.*> While the larger ammonium cation showed satisfac-

polycarbonate route

ef o
(_/ I bonate t &
X O)LO
R x R
]
&
R R ol Iyether rout
o= O o) polyether route
6‘ _&—O X ? _&—O X
© 3~ pt T
R co, R

Scheme 5 Potential side-reaction of epoxide with CO,. [See also ref. 36].

This journal is © The Royal Society of Chemistry 2023
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99

Yield (%)

TEAB TBAB THAB TOAB

Fig. 4 Influence of the alkyl chains on the tetraalkylammonium
bromide activity. Conditions: 2.0 g of Lotader® AX8900 (1.1 mmol of
glycidyl methacrylate), 0.057 mmol of catalyst (5 mol%), 2.0 mL of
toluene, 110 °C, 4.0 MPa of CO,. Yield determined by IR-ATR using a
calibration curve (see Fig. S18 in the ESI+).

tory activity at a short reaction time (more than 50% yield after
1 hour), TEAB was completely inactive due to its insolubility in
toluene. It has also been shown that a too bulky cation should
disfavor the formation of the alkoxide intermediate,”” explain-
ing why TOAB was less active than THAB.

However, after 5 h at 110 °C, the catalytic reactivity order
changed as follows: TEAB <« TOAB < THAB < TBAB. This could
be explained by the fact that the bulkier the ammonium, the
less stabilized the alkoxide intermediate, because of the
decrease of the electrostatic interactions between the ion pairs.
It would favor parallel side reactions between the alkoxides
and the cyclic carbonates to produce polyether units via de-
carboxylation reactions, as reported before (see Scheme 5 and
the CPMAS-NMR spectra of Fig. $241).>® The overall enhanced
solubility of the cation and ion pair dissociation could thus be
a determining factor for improved kinetics at early stages, but
a trade-off in terms of cation size would be ideal when it
comes to selectivity over longer reaction times (see Fig. 4).

Influence of the reaction parameters

The dependence of the cyclic carbonate yield on the CO,
pressure was investigated at 110 °C for a period of 1 h using
TBAI as a catalyst. As shown in Fig. 5(a), increasing the
pressure from 2 to 4 MPa led to an increase of the yield from
15% to 45%. This could be due to a higher concentration of
CO, in the liquid phase, which may both increase the kinetic
rate and reduce the viscosity of the reaction mixture via plasti-
cization of the polymer, as already reported for other
polymers.”®’” Beyond 4 MPa, the yield reaches a plateau and
starts to slightly decrease from 10 MPa. This decrease in the
yield with an increase of CO, pressure has previously been
observed in the case of molecular epoxides,***> with the super-
critical state of CO, affecting the solubility of each component
in the continuous phase through dilution or even forcing pre-
cipitation in our case.”® Thus, a pressure of 4 MPa seems ideal
for TBAI to operate efficiently. The influence of the amount of
TBAI on catalytic performance was also studied (4.0 MPa of
CO,, 110 °C, 1 h). The results in Fig. 5(b) show that increasing

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Influence of (a) the CO, pressure, (b) amount of TBAI and (c)
temperature on catalytic performance. Unless otherwise mentioned,
reaction conditions: 2.0 g of Lotader® AX8900 (1.1 mmol of glycidyl
methacrylate), 0.057 mmol of TBAI (5 mol%), 4.0 MPa of CO,, 2.0 mL of
toluene, 110 °C, 1 h. Yield determined by IR-ATR using a calibration
curve (see Fig. S18 in the ESI).

the concentration of TBAI from 1 to 5 mol% led to a marked
improvement of the yield from 13 to 45%. A further increase of
the quantity of TBAI up to 15 mol% did not lead to further
activity improvement. Thus, the TBAI catalyst concentration
was set at 5 mol%.

Finally, the influence of the temperature on the carbonata-
tion reaction of Lotader® AX8900 was studied (4.0 MPa of CO,,
5 mol% TBAI) as it could greatly impact both the reaction rate
and the solubility/viscosity of the reaction medium particularly
when polymers are at stake. The results shown in Fig. 5(c)
reveal that the reaction temperature strongly affects catalyst
reactivity as very low yields were obtained after 1 hour of reac-
tion below 100 °C. Increasing the temperature further from
100 to 120 °C led to a significant improvement in the yield of
the cyclic carbonate product from 5 to 65%. A further increase
of the temperature up to 130 °C did not lead to significant

Green Chem., 2023, 25, 6355-6364 | 6359
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activity improvement. As stated above, the temperature may
influence the kinetic rate and improve the gas-liquid transfer
but partial or total degradation of the catalyst may also occur
with the temperature increase. However, after 5 hours, an
increase of the temperature from 110 °C to 130 °C led to a
decrease of the yield from 99% to 45%. It could be explained
by the formation of polyether repeating units and thus the con-
sumption of the cyclic carbonate moiety via decarboxylation,
as reported previously.*® Therefore, the influence of the acry-
late comonomer in the polymer structure on the reaction
efficiency was assessed under the following optimal con-
ditions: TBAB (5 mol%), 4 MPa of CO,, 110 °C, 5 h.

Influence of the acrylate comonomer

The Lotader® AX8900, AX8700 and AX8840 were functiona-
lized with CO, under optimal conditions to study the influence
of the acrylate comonomer (type or presence) on the reaction
efficiency. It is notable that the three polymers are soluble in
toluene at 110 °C at a concentration of 1 g of polymer per mL
of toluene.

Under these conditions, the factors that could influence the
reaction outcome are the polarity of the polymer, the molar
mass of the Lotader®, the CO, solubility in the liquid phase
and the viscosity of the liquid phase. The results presented in
Table 2 show that the reactivity of the polymer increases in the
following order: AX8840 < AX8700 < AX8900, which also
mirrors the polarity order. AX8700 is more apolar than AX8900
because of the presence of butyl groups instead of methyl
groups, and AX8840 is even more apolar because of the
absence of the acrylate comonomer. This change of polarity
may affect the CO, solubility in the liquid phase. It is well
known that CO, is more soluble in relative polar media, due to
its significant quadrupole moment.”® The ester groups of the
acrylate comonomer may interact with CO, and favor its solu-
bility, thus favoring the reaction with the epoxide moieties.

Methodology transposition to reactive extrusion

The aforementioned autoclave results showed that ammonium
halides were the most active catalysts for the carbonatation of

Table 2

W TBAB (5 mol%) W

Influence of the alkyl acrylate monomer

Toluene, 4.0 MPa of O OO (¢)
CO,, 110°C, 5 h ‘
o o /Eo
o
Entry R Polymer Yield (%)
1 Me Lotader® AX8900 99
2 Bu Lotader® AX8700 82
3 — Lotader® AX8840 62

Reaction conditions: 2.0 g of polymer (1.1 mmol of glycidyl
methacrylate), 18 mg of TBAB (0.057 mmol, 5 mol%), 4.0 MPa of CO,,
2.0 mL of toluene, 110 °C, 5 h. Yield determined by "H NMR (see
Fig. S20, S21 and S22 in the ESIY).
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Lotader® in toluene solution. Specifically, the use of TBAB,
THAB and TBAI as catalysts provided the highest yields of
cyclic carbonates, up to 99% after 5 hours of reaction at 110 °C
in the case of TBAB. These catalysts were therefore chosen for
the carbonatation of Lotader® by reactive extrusion. Due to its
flexibility in screw design and easily adjustable temperature
profiles, the extrusion process has remarkable mixing and
homogenization capabilities for viscous systems in the molten
state. Thus, the use of an extruder as a continuous reactor
makes it possible to avoid resorting to hazardous solvents,
which are always difficult to extract industrially (costly devolati-
lization step). The reactive extrusion process is thus often con-
sidered as a promising green process, allowing for the continu-
ous production of large quantities of modified polymers.

The use of CO,’° as a reagent for the carbonatation of poly-
mers by a reactive extrusion process®”®’ has never been
reported before. In contrast to radical processes, catalytic pro-
cesses within reactive extruders are also extremely rare to the
best of our knowledge, in particular in the realm of polymer
functionalization.?>%3

This constitutes a significant step forward since it both
offers a solvent-free alternative and a scalable process amen-
able to industrial eco-design requirements. The transposition
of the batch process to reactive extrusion was possible thanks
to the adjustments of the batch reaction conditions. A co-rotat-
ing twin-screw extruder fed with the Lotader®, the catalyst and
CO, was used to perform the experiments, at a flow rate of
2 kg h™" and a rotational speed of 150 rpm. The overall design
of this process is depicted in Scheme S4 (ESI}): it provides con-
tainment of CO, pressure within the polymer melt for carbona-
tation to proceed (see also Photo S2 in the ESI{).

The minimal temperature for the extrusion of the different
Lotader® was determined experimentally to be 120 °C (over
the melting points of the Lotader® AX8900, AX8700 and
AX8840, which are respectively 65 °C, 72 °C and 104 °C).

Furthermore, the different twin-screw extruder parameters
had to be optimized to obtain good yields, as a very short
average residence time of 9 minutes has been precisely deter-
mined via colorimetric measurements, compared to the hour-
long reaction times in the batch process.

First, the influence of extrusion temperature and CO,
pressure was studied on the carbonatation of Lotader® AX8900
(Scheme 6). As shown in Fig. 6(a), an increase in temperature
led to an increase in carbonate yield. The optimum pressure
was 4.0 MPa, which is probably a good compromise between
maximal CO, solubilization/availability for reaction and the
avoidance of phase separation in the melt. At this pressure, an
increase of 10 °C led to an average yield increase of 15%.

W Catalyst (5-10 mol%) W
1-8 MPa of CO,, \E K[
(¢]

120-150 °C,
o) 150 rpm, 2 kg/h >=O

Scheme 6 Carbonatation of Lotader® AX8900 in an extruder.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Influence of (a) temperature and (b) the amount of catalyst.
Unless otherwise mentioned, reaction conditions: 2 kg h™ of Lotader®
AX8900, 18 g h™ of TBAB (5 mol%), 150 °C, 150 rpm. Yield determined
by IR-ATR using a calibration curve (see Fig. S18 ESI¥).

The temperature was not increased above 150 °C to avoid
catalyst degradation that starts from 160 °C according to TGA
analyses (see Fig. S61 and S62 in the ESI{).

Moreover, the amount of catalyst was optimized (Fig. 6(b))
with 4.0 MPa of CO,. An increase from 5.0 to 7.5 mol% led to a
significant increase in yield from 53% to 72%. A further
increase to 10 mol% did not lead to a significant improvement
in the yield. Subsequently, the influence of the nature of the
catalyst was investigated under optimal conditions (7.5 mol%
catalyst, 150 °C, 150 rpm, 2 kg h™") (Fig. 7). With TBAI, a low
yield of 33% was obtained. This could be explained by the fact
that the melting temperature of TBAI is 155 °C, thus it is in
solid form during extrusion. The catalyst would therefore be
less homogeneously dispersed within the polymer matrix,
which would reduce the cyclic carbonate yield. Regarding
TBAB and THAB, a similar activity to that in the batch reactor
was obtained, with a yield of 72% and 78% respectively. With
their melting point being at about 100 °C, their liquid state
under the reaction conditions may improve their dispersion in
the medium and not affect their activity.

Finally, the Lotader® AX8700 and AX8840 were also modi-
fied with CO, in reactive extrusion under optimal conditions
(TBAB (7.5 mol%), 150 °C, 150 rpm, 2 kg h™') (Fig. 8). The
same reactivity order as that obtained in batch was observed:
AX8840 « AX8700 < AX8840. Interestingly, as previously
observed for the batch process, the integrity of the polymer
chains is retained throughout the process, and even more so

This journal is © The Royal Society of Chemistry 2023
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Yield (%)

20 F

TBAI TBAB THAB

Fig. 7 Influence of the nature of the catalyst. Unless otherwise men-
tioned, reaction conditions: 2 kg h™ of Lotader® AX8900, 0.086 mol
h™! of catalyst (7.5 mol%), 150 °C, 4 MPa of CO,, 150 rpm. Yield deter-
mined by IR-ATR using a calibration curve (see Fig. S18 in the ESI¥).

100

Yield {%)
[=)] o0
(=] (=]
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w

8
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[y
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AX8900 AX8700 AX8840

Fig. 8 Influence of the acrylate monomer. Reaction conditions: 2 kg
h™! of Lotader®, 0.086 mol h™* of TBAB (7.5 mol%, 27 g h™* of cat.),
150 °C, 4 MPa of CO,, 150 rpm. Yield determined by H NMR (see
Fig. S44, S45 and S46 in the ESIT).

using the reactive extrusion process (high T °C but a low resi-
dence time vs. long shear stress stirring) as evidenced by the
polymer characteristics displayed in Table S2 (ESIt).

Conclusions

Ethylene-glycidyl methacrylate based copolymers were suc-
cessfully functionalized with carbon dioxide using commercial
and non-toxic tetraalkylammonium halide catalysts, leading to
the formation of cyclic carbonate pendant groups on the
polymer chain, in a batch reactor and an extruder. The influ-
ences of the catalyst structure and the reaction parameters
were evaluated in batch and it was found that TBAI, THAB and
TBAB were the most active catalysts, with TBAB achieving up to
99% yield of cyclic carbonate.

The difference in reactivity between Lotader® AX8900,
AX8700 and AX8840 suggested that the presence of polar
groups, such as esters derived from acrylate comonomers, in
the polymer structure may increase the CO, solubility and
facilitate its approach to the epoxide moieties.

The procedure developed in an autoclave has been success-
fully transposed to a solvent-free reactive extrusion process,

Green Chem., 2023, 25, 6355-6364 | 6361
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with a yield of cyclic carbonate up to 78% using THAB as the
catalyst on the Lotader® AX8900, allowing access to cyclic car-
bonates in addition to the remaining epoxides. Modifications
of AX8700 and AX8840 were also successful. These modified
[cyclic carbonate + epoxide]-featuring polymers may have
several direct applications e.g. as intermediates for the syn-
thesis of polyhydroxyurethanes, as reactive compatibilizers for
blends of polyolefins with polyamides, polyesters, polyacids
and polycarbonates, and could also display good permeability
properties for membranes. The enhanced sustainability of our
reactive extrusion process (kg-scale production of functiona-
lized polymers in a continuous fashion under solvent-free con-
ditions using CO, as a direct C1 source) could pave the way for
other industrially-relevant (co)polymers.

Experimental part

Materials and equipment

Lotader® AX8900, AX8840 and AX8700 were purchased from
Arkema. CO, was purchased from Air Liquide and the purity was
99.995%. For the batch study, 1-butyl-3-methylimidazolium
acetate was purchased from Strem Chemicals. Toluene and all
the other catalysts were supplied by Sigma Aldrich. For the reac-
tive extrusion optimization, TBAB and TBAI were purchased from
TCI Chemicals and THAB was purchased from Sigma Aldrich. All
the chemicals were used without further purification.

All batch reactions were performed in a 0.16 L stainless
steel reactor.

The reactive extrusion experiments were conducted in a
twin-screw extruder, a BC 21 (L/D = 36, screw diameter =
25 mm) from Clextral, using a co-rotative configuration. The
extruder had 9 barrels, numbered consecutively from 1 to 9
from the feed port to the die. The die had a diameter of 3 mm
and a length of 10 mm. The extruder had 9 heating zones.

Analytical methods

'H NMR spectra were recorded using a Bruker 400 Avance III,
and *C NMR spectra were recorded using a Bruker Avance II.
A TCE/C¢Ds (2/1) (v/v) mixture was used as a deuterated
solvent. All NMR analyses were performed at 363 K. All chemi-
cal shifts were measured relative to residual "H or **C reso-
nance in the deuterated solvent: 7.16 ppm for 'H and
128.06 ppm for **C.

IR-ATR measurements were performed at room temperature on
Nicolet i550 FT-IR apparatus on the native and modified polymers.
Characteristic bonds are cyclic carbonate C—0 (1820-1822 cm™),
ester C=0 (1734 cm™ ") and epoxide C-O (911 cm™).

General procedures (typical carbonatation processes; more
details in the ESI{)

Typical procedure for the functionalization of Lotader®
AX8900 with CO, in the batch reactor. 2.0 g of Lotader®
AX8900 (1.1 mmol of glycidyl methacrylate), 18 mg of TBAB
(0.056 mmol, 5 mol%) and 2.0 mL of toluene were added in a
0.16 L stainless steel reactor. The reactor was sealed, and then
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the mixture was stirred at 300 rpm and heated up to 110 °C.
When the desired temperature was reached, 4.0 MPa of CO,
was introduced. The mixture was stirred at 300 rpm and
110 °C for 5 hours. Finally, CO, was degassed, the medium
was dried under vacuum and the resultant polymer was recov-
ered without further purification. A cyclic carbonate moiety
was obtained with a yield of 99% according to "H NMR.

Typical procedure for the functionalization of Lotader®
AX8900 with CO, in the reactive extruder. The Lotader®
AX8900 and the catalyst were fed at a throughput of 2 kg h™"
(1.1 mol h™* of glycidyl methacrylate) and 0.083 mol h™*
(7.5 mol%) respectively in the first barrel. Under optimal con-
ditions, the temperatures were 60, 120, 150, 150, 150, 150, 150,
150 and 150 °C, respectively. The die was also heated to
150 °C. The screw speed was 150 rpm. When the flow of the
extruded polymer was stabilized, CO, was continuously
injected into the third barrel using a Linde pump (DSD 500).
The pressure and the throughput were regulated by the pump.
The resulting modified Lotader® AX8900 had a stable compo-
sition after a time equal to twice the residence time, and thus
it was collected from this moment, cooled with compressed air
and pelletized by a pelletizer.

Excellent reproducibility was observed for both techniques,
providing conversions within the 2-3% range of deviation
between repeated experiments. This is likely due to excellent
mixing both for the toluene-assisted batch process (see in par-
ticular Fig. S19, ESIt) and for the reactive extrusion (intimate
mixing of the polymer melt under CO, pressure), providing
homogenised reaction media (see Fig. 6, 7 & 8 for TBAB as a
catalyst: small error bars).

Typical procedure for the determination of the residence
time by colorimetry in the reactive extruder. The first barrel of
the extruder received the Lotader® AX8900 at a throughput of
2 kg h™, the temperatures of the 9 barrels were 60, 120, 150,
150, 150, 150, 150, 150 and 150 °C, respectively. The die was
also heated to 150 °C. The screw speed was 150 rpm. When the
flow of the extruded polymer was stabilized, 0.5 g of a magenta
pigment was introduced into the first barrel, and the evolution
of the extruded polymer colour was followed by colorimetry.
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