Chem/

Communications Europ '.)
ChemSusChem doi.org/10.1002/cssc.202000505 European et
upec?atefsJr o

Valorization of Plastic Wastes for the Synthesis of
Imidazolium-Based Self-Supported Elastomeric lonenes

Jeremy Demarteau,” Kathryn E. O’'Harra,”™ Jason E. Bara,” and Haritz Sardon*®

Imidazolium-based ionenes are known to be high-performance
materials for a great variety of applications. The preparation of
these polymers requires the use of bis-imidazole starting
monomers, which are commonly prepared by using toxic chlo-
ride reagents. In this study, bis-imidazole monomers are syn-
thesized by organocatalytic chemical recycling of discarded
plastics through chemical depolymerization. By using poly(eth-
ylene terephthalate) and bisphenol A polycarbonate as starting
materials, different monomers containing amide or urea func-
tionalities are prepared to produce high-molecular-weight
ionic polymers. These novel ionenes show excellent elastomer-
ic and self-healing behavior, serving as a promising means to
expand the exploration of plastic wastes as a source of new
materials.

Conventional plastics are designed to survive ambient attack
from external forces such as light, water, and heat. As a result,
plastic accumulation and pollution is severely affecting the en-
vironment. Landfill, incineration, and physical recycling are cur-
rently the three major processes utilized to address the dispos-
al of excess plastic waste. The consequences of these methods
have shown their limits in terms of sustainability.”! Recently,
chemical recycling whereby the polymer is used as a carbon
source for the creation of high-purity monomers has emerged
as a complementary sustainable alternative to physical recy-
cling or incineration.”” Among commaodity plastics, poly(ethyl-
ene terephthalate) (PET) and bisphenol A polycarbonate (BPA-
PC) are ideal candidates for chemical recycling because i) their
scale of production is relatively high (together exceeds 30 Mt/
y), i) owing to the presence of carbonyl moieties in the poly-
mer backbone, their chemical recycling is not as energetically
disfavored as in the case of polyolefins, and iii) in comparison
to other polymers bearing carbonyl groups in the polymer
backbone, such as polyurethanes or polyamides, both plastics
are composed of a single polymer, which facilitates sorting and
classification.
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Specifically, the initial monomeric precursor could be ob-
tained from chemical depolymerization then subsequently re-
polymerized to form a truly circular economy model, or inno-
vative added-value building blocks could be obtained secon-
darily by synthetic modification to prepare more sophisticated
polymers (commonly referred to as “upcycling”). The chemical
recycling of PET and BPA-PC into their starting materials—di-
methyl terephthalate (or derivatives) and bisphenol A (BPA), re-
spectively—has been previously accomplished by using vari-
ous catalysts.®'” The ultimate goal of these approaches is to
design a cradle-to-cradle approach for the production of
virgin-like PET or BPA-PC materials. Besides circular economy
approaches, more recently PET and BPA-PC have been explored
as alternative feedstocks to prepare high-added-value mono-
mers.""2 |In particular, the aminolysis process, which is more
thermodynamically favorable, can provide a spectrum of new
monomers that can be of great interest for the production of
new polymers.?'? For instance, Hedrick and co-workers devel-
oped a class of terephthalamide monomers derived from
chemical recycling of PET waste in high yields.””’ They demon-
strated the upcycling of PET to materials with antifungal and
antimicrobial character.”*=% Earlier work by Bara and O’Harra
introduced a new class of imide- and amide-functionalized bis-
imidazole monomers, which were subsequently polymerized
into high-performance imidazolium ionenes, which inspired
this investigation probing similar greener synthetic routes
toward ionic polymers for gas separation or 3D printing by up-
cycling.B'* |onenes are ionic polymers that contain ionic moi-
eties directly within the main chain, rather than as pendant
groups (as in polyelectrolytes or ionomers).

Taking advantage of the structural diversity in plastic waste,
in this study PET and BPA-PC were used as precursors to pro-
duce bis-imidazole monomers for the preparation of high-
added-value ionenes. lonenes built from bis-imidazole mono-
mers by the Menshutkin reaction were efficiently synthesized
in our previous work.®" lonenes have recently received increas-
ing attention from the scientific community, notably for their
diverse processability and compatibility with various functional
groups. They can exhibit interesting properties depending
upon sequencing and functionality, including gelation behavior
(hydrogels and ionogels), self-healing and shape-memory char-
acter, and performance as membranes for separation process-
es.”%371 Owing to the large variety and synthetic versatility of
imidazole derivatives, this building block is suitable for the de-
velopment of diverse imidazolium-based ionenes as promising,
robust materials.

Recently, we reported that the combination of ionenes and
polyamides is applicable to formation for free-standing mem-
branes, fibers for additive manufacture, or for the treatment of

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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microbial infections.”=%3¥ H-bonding provided by the amide
functionality and ionic interactions between imidazolium moi-
eties were both factors contributing to the thermal and me-
chanical stabilities of the membranes.®*>***¥ Nevertheless, the
conventional synthesis requires terephthaloyl chloride, which is
a hazardous compound both for environment and for health
(Scheme 1A). That said, the aminolysis leading to bis-imida-
zoles featuring terephthalamide or urea moieties from PET and
BPA-PC, respectively, offers excellent promise and product po-
tential for the preparation of imidazolium-mediated ionenes.
Several organic catalysts have been successfully employed for
the depolymerization of BPA-PC and PET. We selected a cata-
lyst made from an ionic protic salt composed of triazabicyclo-
decene (TBD) and methanesulfonic acid (MSA; Scheme 1B), de-

A Conventional method

noted as TBD:MSA, which has excellent thermal stability, recy-
clability, and the ability to efficiently mediate the glycolysis of
poly(ethylene terephthalate) and BPA-PC.**"

We investigated two imidazole-amine compounds used to
chemically recycle these two types of plastic waste (Table 1).
Based on previous results, 1-(3-aminopropyl)imidazole (API)
was primarily used with PET samples and 0.1 equivalents of
TBD:MSA at 180°C and enabled the formation of [(1H-imida-
zol-1-yl)propyllterephthalamide (TAAPI). Depolymerization re-
actions were performed until PET had completely disappeared.
After 90 min, an 87% yield of TAAPI was obtained (Table 1,
entry 1).  Similarly, 1-(3-aminopropyl)-2-methyl-1H-imidazole
(2Me-API; see the Supporting Information, Figure ST for
'HNMR spectrum) selectively depolymerized PET into [(2-

o] 2 R
@ = K2CO3 N/\/\N*\N
Cl o+ HN A~ANGN ——— 3 () H H \—/
NN N
CIYd Y 85°C (reflux) bl
R CH4CN R 0

(o]
B This work
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O
o
o 0 /=\

. HzN\/\/NYN i o +EG
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Scheme 1. Formation of bis-imidazole monomers for ionene formation: A) Reported strategy using terephthaloyl chloride.

tion of PET and BPA-PC.

138 B) Organocatalytic depolymeriza-

Table 1. Organocatalytic depolymerization of PET and BPA-PC using aminopropylimidazole compounds.

Entry Recycled polymer Imidazole-amine Bis-imidazole Product Depolymerization Yield [%]®
time [min]
o
— NN
[b] API N/_\N H B \=/
1 PET R=H) NN 90 87
B o]
TAAPI
i ok
NN
. =\ H N RN
b PET 2Me-API AN N\/\/"‘W/Ej)L =l 90 80
(R=CH) T T
TA 2Me-API
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4 BPA-PC R=CH,) \—/ BN \—/ 60 59
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[a] Isolated product.

[b] Reaction conditions:
[TBD:MSA] =4:1:0.15, 130°C, 500 rpm.

[Imid-NH,]/[PET]/[TBD:MSA] =5:1:0.1,

180°C, 500 rpm.

[c] Reaction conditions:

[imid-NH,}/[BPA-PC]/
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methyl-1H-imidazol-1-yl)propyliterephthalamide (denoted as
TA2Me-APl) with 80% vyield after 90 min (Table 1, entry 2).
These TA-containing imidazole compounds were characterized
by 'H and "*C NMR spectroscopy (Figures S2-S5).

BPA-PC was similarly depolymerized with 4 equivalents of
API or 2Me-API at 130°C in the presence of 0.15 equivalents of
TBD:MSA catalyst. Both imidazole-amine compounds led to
the formation of the desired products and bisphenol A (BPA)
as side-product. From aminolysis of BPA-PC by API, 1,3-bis[3-
(1H-imidazol-1-yl)propyllurea (UAPI) was obtained after 40 min
with 50% yield after purification. Lower monomer yields were
obtained for BPA-PC depolymerization, as column chromatog-
raphy was required for purification. 2Me-API was then used as
an aminolysis agent to convert the carbonate moiety of BPA-
PC polymers into 1,3-bis[3-(2-methyl-1H-imidazol-1-yl)propyl]-
urea (U2Me-API) after 60 min with a 59% yield of the isolated
product. The chemical structures of these novel urea-contain-
ing monomers were verified by 'H and *C NMR spectroscopy
(Figures S6-59) and mechanisms have been proposed for both
BPA-PC and PET depolymerization (Scheme S1).

Once isolated, the bis-imidazole monomers were quater-
nized by using a,a'-dichloro-p-xylene (pX) via step-growth
polymerization, proceeding by the Menshutkin reaction at
150°C in N-methyl-2-pyrrolidone (NMP) for 24 h (Figure 1A).
Anion exchange from the chloride (CI") salt to the bis(trifluoro-
methanesulfonyl)imide (NTf,”) salt was promoted by pouring
the crude reaction mixture into aqueous LiNTf, (2.5 equiv.) at
room temperature. It should be noted that the CI~ forms of

the ionenes are fully water soluble, but the corresponding
NTf,~ forms are hydrophobic and readily precipitate. After
drying, the resultant ionenes were all rubbery materials.
'H NMR spectroscopy was used to verify the formation of ion-
enes. Structural evidence of the quaternization occurring
during the polymerization was provided in TAAPIpX and
UAPIpX derivatives by the characteristic downfield shift
(=~ 1.7 ppm, C—H at the 2-position) of the imidazolium protons,
which is indicative of the change from the neutral imidazole to
the charged imidazolium form. Additionally, chemical shifts
corresponding to the incorporation of the xylyl linkage were
observed in all spectra: CH, groups close to the ammonium
group (signal ) were detected at 6 =5.45 ppm and 5.43 ppm,
for TAAPIpX and TA2Me-APIpX, respectively, and aromatic
protons (signal h) were detected at 6 =7.5 ppm and 7.39 ppm,
for TAAPIpX and TA2Me-APIpX, respectively (Figures S10 and
S11). Similarly, the formation of U-based ionenes was verified
by "H NMR spectroscopy, with chemical shifts corresponding to
the addition of the xylyl linkage (signals h and i, Figures S12
and S13). All four ionenes achieved high molecular weights,
yielding M, values of 55-84 kDa (measure by MALDI-TOF mass
spectrometry), corresponding to X, values of 56-87 repeat
units (Figure 1B, left). Although dispersity is less controlled in
step-growth mechanisms, the Carothers’ equation and end-
group analysis by ' H NMR spectroscopy support conversions
of greater than 98.2%. Two endotherms were observed from
differential scanning calorimetry analysis, including a subtle re-
laxation below 0°C followed by a more pronounced glass tran-
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Figure 1. A) Formation of terephthalamide (TA)-based and urea (U)-based ionenes. B) MALDI-TOF mass spectra and differential scanning calorimetry profiles of

the corresponding ionenes.
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sition indicative of chain mobility (Figure 1B, right). The inter-
molecular interactions in these materials are complex, with
contributions from H-bonding, ionic, and - or m—cation in-
teractions impacting the organization of domains and entan-
glement of chains. The existence of two distinct glass transi-
tion temperatures (T,) has been shown for various polyamides
and polyureas. The typical T, representative of the motion of
molecular segments is evident, but another T is sometimes
considered a form of relaxation. A broad melting temperature
(T,,) endotherm is also observed above 160°C.

These materials are diversely processable, which lends them
to several potential uses including membranes, adhesives,
coatings, or elastomeric fibers. They may also be candidates
for 3D printing applications. Although [TA APIpX][Cl] has dem-
onstrated utility as an antimicrobial coating and all derivatives
introduced herein were fully water soluble in the halide form,
previous work has shown that more robust and hydrophobic
imidazolium ionenes with improved thermal and mechanical
stabilities are obtained when the anion is exchanged from a
halide to a fluorinated group (e.g., Tf,N, OTf)."" Whereas com-
parable membranes comprised of the synthetically derived
[TA APIpX][NTf,] did not yield high gas-permeation results, this
derivative yielded high CO, selectivity versus H, and CH, and
demonstrated that the material is suitable for solution casting
into very thin films or coatings (Figure 2A).5% Thin films were
prepared by solvent casting from a dilute solution of ionene
(100 mg) in acetone (10 mL) poured into a PTFE mold with
shallow wells (d=60 mm), which was slowly heated in a
vacuum oven to remove the solvent (30-70°C, 48 h).

These films were then peeled from the mold to yield unsup-
ported, neat films. The [U2Me-API pX][NTf,] derivative is shown
overlaid over text and a ruler to depict its transparency. If the
polymers are melt-pressed into films, the membranes are
opaque. SEM images show measured film thicknesses of ap-
proximately 23 um for the urea ionene shown in Figure 2 and
approximately 13 um for the [TA 2Me-APIpX][NTf,] ionene film
(Figures S14 and S15). These elastomers, as shown by the
pulled fiber (Figure 2B), may also demonstrate utility when
aligned as fibers for a 3D printing feed. A video demonstration
of the self-healing and elastomeric behavior is included in the
Supporting Information.

In conclusion, we have demonstrated the possibility to con-
vert commodity polymers, such as PET and BPA-PC wastes, into
functional monomers for the formation of polyamide and poly-
urea ionenes. Aminolytic depolymerization by using imidazole-
amines and TBD:MSA ionic salt was very efficient (isolated in
50-87 % yield) in short reaction times (45-90 min). The result-
ing terephthalamide- and urea-based bis-imidazole products
were then used as starting materials for step-growth polymeri-
zations, proceeding by the Menshutkin reaction with p-xylene.
Following anion exchange to the robust, hydrophobic NTf,”
form, high molecular weights of 55-84 kDa were achieved and
the thermal properties of these ionenes were analyzed
(Figure 1 and Figure S17). The applicability of these terephthal-
amide- and urea-based ionenes was demonstrated by process-
ing into solvent-cast films as thin as approximately 13 um,
which were transparent when solvent cast but opaque if melt
pressed (Figures S15 and S16). Finally, these polymers demon-

KIJ\N/\/\NJLN/\/\NLITI
[U 2Me-API pX][NTf,] \=/ iR \=/
F = F F R F N )F<F n
F>'\S,NZS)<F g B F
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Figure 2. Processing of [U2Me-API pX][NTf,] ionene: A) Photograph of thin film overlaid on a ruler, alongside SEM picture of the membrane cross-section
(scale bar=100 um). B) Images demonstrating the elastomeric character of the polymer wound on a wooden dowel.
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strated very promising characteristics as elastomeric self-heal-
ing materials, which are flexible yet robust, owing to the com-
bined effects of intermolecular interactions. This work high-
lights the viability of efficient upcycling of plastic waste into
building blocks for high-performance ionic polymers, which
can be tailored by the use of other linkages, and introduces
methods that can be expanded upon to explore alternative
functionalities or charged features.
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