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ABSTRACT

Interconnected macroporous imidazolium-based monoliths are produced via the modified Radziszewski

multicomponent reaction (MCR) applied to triamines under high internal phase emulsion (HIPE)

conditions. This straightforward one-pot synthesis combines the efficiency and versatility of MCRs with the

ease of implementation of the emulsion templating polymerization process. The characterization of the

chemical structure and morphology of the resulting materials confirms the formation of the expected

macroporous poly(ionic liquid)s (PILs) networks. The promising catalytic activity and recyclability of these

porous PIL monoliths are illustrated for the transesterification reaction and the decarboxylation of caffeic

acid. In these cases, almost complete conversion is reached while benefiting from the advantages

associated with a heterogeneous catalyst.




In the last years, multicomponent reactions (MCRs) have attracted a growing interest in the field of
polymer chemistry and emerged as powerful macromolecular engineering methods due to their high
efficiency, robustness, ease of implementation, and atom economy, as well as substrate versatility."* In
these reactions, more than two compounds react in one pot and form a product featuring almost all atoms
of the starting materials.®* Some famous MCRs have already been exploited for designing functional
polymers such as the Passerini,*** Ugi,**** Biginelli,>>*® Kabachnick-fields,***2and Hantzsch®* reactions, to
name a few. The modified Debus-Radziszewski MCR, which converts primary amines, aldehyde, and
dicarbonyl compound into imidazolium derivatives under mild conditions, also proved its relevance in
polymer synthesis, especially for the preparation of imidazolium-based poly(ionic liquid)s (PILs).>* This
reaction was used for the synthesis of ionic liquid building blocks,® as postpolymerization modification
and cross-linking,*° but also for the preparation of linear PILs containing imidazolium moieties in their
backbone.**3

The development of PILs is also a fast-growing research area because these materials combine some
valuable features of ILs with the intrinsic characteristics of polymers. In particular, porous PILs** raise
tremendous interest in gas cap- ture,*’“** separation,*®** and catalysis***° due to their enlarged surface
area, high ionic density, spatial structuration, and the tunability of their properties via counterions
exchange. Structuring PILs into porous materials was achieved by hard templating based on inorganic
particles*****%° and by soft templating involving self-assembled copolymers,* but also via template-free
methods relying on porogenic solvents®*® or ionic complexations.**2¢2 Some emulsion-templated radi-
cal polymerization methods also led to macroporous PILs.*** Note that the porous PILs mentioned above
were obtained via multistep approaches based on the polymerization of preformed IL monomers and
cross-linkers or by post-modification of porous organic networks. Therefore, the search for a simpler and
straightforward synthesis of interconnected porous PILs is highly relevant.

In the present work, we applied the modified Radziszewski multicomponent polymerization under high
internal phase emulsion (HIPE) for the first time and produced interconnected macroporous imidazolium-
based networks in one pot. To the best of our knowledge, it is the first example of emulsion
multicomponent polymerization. This practical and straightforward approach combines the great
availability of the starting reagents, the efficiency of one-pot MCRs, and the ease of implementation of
emulsion templating polymerization.®” The great potential of these interconnected macroporous PlLs
polyHIPEs as heterogeneous catalysts is highlighted for a model transesterification reaction and for the
decarboxylation of renewable hydroxycinnamic acid derivatives.

The imidazolium units of our PIL networks were formed via Radziszewski reaction, which consists of

coupling two amino groups with glyoxal and formaldehyde in the presence of acetic acid. Two



commercially available triamines, namely, tris(2-aminoethyl)amine (TREN) and Jeffamine-T403 (JEFF),
composed of short polypropylene oxide (PPO) sequences, were considered as reactants to ensure the
cross-linking of the final materials (Scheme 1). In order to create an interconnected porosity within these
PILs, the polymerization was carried out in the external aqueous phase of a cyclohexanein-water HIPE
emulsion whose organic dispersed phase represents more than 74% of the emulsion volume. After the
curing step, cyclohexane was removed, leading to a typical polyHIPE structure composed of cavities
connected to each other by pores. In practice, cyclohexane (75 v%) was added dropwise under stirring to
an aqueous solution (25 v%) containing formaldehyde (1 equiv), glyoxal (1 equiv), triamine (TREN or JEFF,
2/3 equiv), acetic acid (3 equiv), and PEO- PPO-PEO pluronics F68 (4 wt % of the aq phase) used as a

surfactant.

Scheme 1. General Strategy for the Synthesis of Interconnected Macroporous PILs via Emulsion Templating Radziszewski
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The resulting mixtures were simply casted in a mold and cured at room temperature for 3 days. No
demixing of the emulsions was observed during the polymerization, and monoliths were collected
accordingly. The latter are designated as Pren and Perr throughout the text in reference to the triamines
that compose them. After washing and drying under vacuum, Prgen and Poeer were characterized by **C solid
state NMR to ascertain their chemical structure (Figure 1). The formation of the imidazolium moieties is
evidenced by peaks (a and b) at 125 and 140 ppm corresponding to the carbons of the heterocycles. The
acetate counterions also feature peaks at 177 and 26 ppm assigned to the carbonyl c and the methyl group
d, respectively. Expectedly, the **C spectra of Prren-oacand Puerr-oac ONly differ by signals corresponding to the

spacers between the IL units (e-k). IR analyses further confirmed the formation of the PIL materials based



on peaks at 1573 and 1381 cm™ attributed to the CRO stretching of the acetate group and signals at 1150
and 1060 cm™ assigned to the stretching vibrations of the imidazolium ring (Figures S1 and S2).%

After confirming the chemical structures of the PIL materials, we addressed their macroscopic behaviors
and porous architectures. The morphology of Prren-oac @nd Paerroac Was tentatively investigated by
conventional scanning electron microscopy (SEM). However, significant shrinkage of the samples occurred
upon drying, especially for Pserr-oac. The volumes of Prgen-oac and Puerr-onc are reduced by a factor 2 and 10,
respectively, compared to the crude materials, as displayed in Figures S3A-F. In spite of this phenomenon,

SEM images of Prren-oac ShOW the typical open-porous structure of polyHIPEs (Figure S3G).

Figure 1. *C solid state NMR spectra of Prren-oac 2Nd Perr-oac.
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Although some remnants of the cavities of P jerr-0nc Se€M to appear on the SEM pictures, no conclusion can
be drawn on their porosity, which collapsed upon drying (Figure S3H). Such a discrepancy between these
materials might be due to the lower intrinsic cross-linking density of P jeee.0ac produced from a triamine with
longer arms. In order to overcome the shrinkage issue, the polyHIPEs were dried using a procedure based
on the critical point drying and analyzed by FESEM (Figure 2). First, the crude Prren-oac aNd Pjeer-oac (Figure
2A,B) were washed by prolonged immersion in DMSO (Figure 2C,D). The comparison of Figure 2C and D
clearly suggests a higher solvent uptake (SU) in DMSO for P compared to Prren (SU Prren-oac = 2000 wt %



and Paerr.oac = 4200 wt %). The higher swelling of the latter can be ascribed to the affinity of its PPO
sequences for DMSO and to its lower cross-linking density previously mentioned. Then, DMSO contained in
the polyHIPEs was exchanged for water prior to drying via the critical point method. As expected, the
FESEM images clearly highlight the open structure of both polyHIPEs (Figure 2E-J). In the case of Prren-oac,
the cavities vary in size from 5 to 30 um with an average diameter of 9 um, whereas the pore sizes are
around 2-5 um (Figure 2E-H). Because FESEM pictures do not display defined spherical voids for P jeee-onc, it
is difficult to evaluate properly the average size of its cavities. Nevertheless, the presence of an
interconnected porosity is undeniable, especially at the highest magnification (Figure 2J), and the pores of

P3err-oac aNd Prren-oac S€EM t0 be in the same range, that is, 2-5 um (compare Figure 21 and J).

Figure 2. Pictures of Prren-oac (A, C) and Paerronc (B, D) before (A, B) and after (C, D) immersion in DMSO. FESEM pictures of
Preen-oac (E, G, ) and Paeee-onc (F, H, J).
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Before considering any application of these macroporous PILs, we studied their thermal properties and
swelling in order to identify their potential operating conditions and also their ability to undergo
counterion exchange reactions, because the properties of PILs highly depend on this parameter.69 Such
ion exchange reactions were thus applied to the imidazolium-based polyHIPEs composed of acetate anions
originating from the acetic acid used in the Radziszewski reaction. As illustrated above, such a polar anion
favors the swelling of the porous PILs in polar solvents like water, DMSO, and MeOH. The acetate anions of
PTREN-OAc  and PJEFF-OAc  were  then  exchanged for  bromide (Br-) and
bis(trifluoromethanesulfonyl)imide (TFSI) in MeOH using an excess of NaBr and LiTFSI salts. Note that the
macroporosity of the polyHIPEs facilitates the diffusion of the anions in the heart of the monoliths. IR
(Figures S1 and S2) and solid-state NMR (Figures S4 and S5) analyses confirmed the successful ion-
exchange via the disappearance of signals characteristic of the carbonyl of the acetate. As anticipated,
changing the counterion of the polyHIPEs significantly affected their swelling. Indeed, when immersed in
the NaBr or LiTFSI solutions, PTREN and PJEFF gradually shrank until there was a complete exchange
(Figure S6). Like linear PILs,69 the thermal properties of the PIL polyHIPEs, in particular, Py, are also
influenced by the nature of anions (Table S1). For example, Paxe, with different anions is ranked in the
following order of increasing glass transition temperature (Tg): Pserr-tesi (-5 °C) < Paerr-oac (27 °C) < Pogrrosr (61
°C). The onset degradation temperatures (TOD) followed a different order, that is, Pserr-oac (172 °C) < Pjerr-r
(300 °C) < Pigre-tesi (347 °C). The same trend was observed for the TOD of the Pren derivatives, which exhibit
lower thermal stabilities compared to their P counterparts (151 °C < TOD < 274 °C, Table S1). Overall,
these ion property dependences emphasize that the imidazolium-based polyHIPEs possess the intrinsic
characteristics of PILs materials.

Finally, we explored the potential of Pwen and P macroporous PILs in catalysis, especially for
transesterification and decarboxylation reactions known to be catalyzed in the presence of imidazolium
acetate derivatives.”*™ For example, Taton et al. catalyzed transesterifications with styrene/vinyl
imidazolium acetate-based copolymers.” In the case of the transesterification between vinyl acetate and
benzyl alcohol, the conversion reached 97% after 2 h at 80 °C in THF. Recently, Singh et al. described the
use of 1-ethyl-3-methyl imidazolium acetate for catalyzing the decarboxylation of hydroxycinnamic acid
derivatives, which are naturally abundant in plants, leading to vinyl catechol.” In this case, the self-
deprotonation of the imidazolium moieties produced in situ N- heterocyclic carbenes (NHCs), which
catalyzed the decarboxylation of the hydroxycinnamic acid compounds.™ The organocatalyst was recycled
via extraction using a biphasic reaction system. Considering the excellent flow through properties and the
substantial surface area associated with macroporous materials, the imidazolium-based polyHIPEs
developed in this work appear as very promising supports for catalysis notably in terms of accessibility to

the catalytic site and recyclability. For this reason, we tested Prren-oac aNd Paerr-oac @S catalysts for the



decarboxylation of cinnamic acid derivatives and transesterification of vinyl esters (Scheme 2 and Table 1).

Scheme 2. Porous PlLs-Catalyzed Transesterification and Decarboxylation
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(VAc) into benzyl acetate (BenzOAc) in the presence of benzyl alcohol (Table 1, part A). This model

transesterification reaction was performed in THF at 80 °C using 10 mol % of imidazolium moieties, as

described elsewhere,” and the conversion was monitored by *H NMR (Figure S7). After 4 h, the conversion

reached 58% for P+ and only 4% for Prren. Such a discrepancy most probably accounts for the lower

swelling of Prren in THF compared to P e, which limits the access of the substrates to the catalytic moieties

located in the polyHIPE walls. Longer reaction time, for example, 24 h, improved the conversion (15 and

83% for Prren and P, respectively). Finally, a conversion as high as 92% was achieved when doubling the

catalyst load for Pe.

Table 1. Transesterification and Decarboxylation Reactions Catalyzed by Perr.oac and Prren-oac

reaction solv.
(A) THF
transester. THE
THF
THF
THF
(B) DMSO
decarbox. DMSO
DMSO
DMSO
DMSO
DMSO

tem
(°C
80
80
80
80
80
115
115
115
115
80
115

cata.”
(mol %)

10
10
10
20
0
100
S0
10
10
S0
0

time

(h)

4
8
24
24
24
LS
LS
LS
8
LS
4

conv.” (%)
Prren/Prerr

4/58
7/69
15/83
17/92
0
98/100
54/100
19/32
65/95
2/11

0

Mol % of muda'iollum moieties compared to BenzOH or caffeic acid.
Determined by "H NMR. Cond. transester.: BenzOH (5 mmol, 1
M), VAc (6 mmol, 1.2 M). Cond. decarbox.: caffeic acid (0.5 mmol,

0.1 M).

Inspired by Singh et al. who reported the complete decarboxylation of caffeic acid into 4-vinyl catechol

after 1 hat 120 °C in the presence of 100 mol % of 1-ethyl-3-methyl imidazolium acetate, ™ we tested Prren-oac



and Paerroac @S catalysts of this reaction under similar conditions (115 °C, 100 mol % of imidazolium
functions; Table 1, part B). Note that the temperature was lowered to 115 °C in order to prevent any
degradation of Prren-oac, Which exhibits the lowest TOD, as mentioned earlier. Under these conditions, near
quantitative formation of vinyl catechol (determined by *H NMR, Figure S8) was achieved after 90 min with
both polyHIPEs, which is quite similar to the performances reported for the free imidazolium acetate
catalysts.” Hence, lower catalyst loadings were considered. These experiments underlined the higher
catalytic efficiency of Peeroac. The conversion reached 100% and 54% in the presence of 50 mol % of Paeer
and Prren, respectively. High conversion (95%) can also be achieved after 8 h with 10 mol % of P, which
represents a 10-fold decrease of the catalyst loading compared to the initial report involving free ILs.™
Decreasing the temperature to 80 °C almost inhibits the decarboxylation reaction (Table 1). Overall, Peee
appears as the most promising catalyst for both types of reactions.

Finally, the excellent recyclability of the macroporous PIL catalysts was demonstrated for the
decarboxylation reaction. Py and Prren Were used five times without drastic deactivation or formation of
side products (Figure S9). Note that the recycling procedure is very easy to implement. For the sake of the
accuracy of the study, polyHIPEs were immersed in DMSO between each recycling, but in practice, this step
is not mandatory: new portions of reactants can be added to the porous PILs after simple removal of the
reaction supernatant.

In conclusion, we implemented a multicomponent polymerization under emulsion conditions for the
first time and developed a unique and straightforward platform for the synthesis of macroporous
imidazolium-based networks. This one-pot approach combining the Radziszewski MCR and the emulsion
templating polymerization process satisfies several criteria for widespread use in practical applications,
including great availability of the reactants, high atom economy, metalfree, room temperature, and
nonsensitivity to moisture or air. The resulting porous PIL monoliths were shown to be very efficient
catalysts for transesterification and decarboxylation reactions. They were also easily recycled, and no loss
of activity was detected after several recycling steps. Given the excellent flow-through properties
associated with macroporous poly- HIPEs, their use as supported catalysts in continuous flow chemistry is
promising and is under current investigation. In this study, the imidazolium acetate-based polyHIPEs were
selected to illustrate the potential of such materials, but we also demonstrated the possibility of
exchanging their counterions and tuning their properties. This feature allows to consider numerous other
catalytic reactions and to considerably broaden the scope of their use, especially for separation and gas

capture applications.
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