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MATERIALS SCIENCE

Moderated ionic bonding for water-free recyclable

polyelectrolyte complex materials

Sophie G. M. van Lange1*, Diane W. te Brake', Giuseppe Portale?, Anbazhagan Palanisamy1,

Joris Sprakel®, Jasper van der Gucht'

While nature extensively uses electrostatic bonding between oppositely charged polymers to assemble and sta-
bilize materials, harnessing these interactions in synthetic systems has been challenging. Synthetic materials
cross-linked with a high density of ionic bonds, such as polyelectrolyte complexes, only function properly when
their charge interactions are attenuated in the presence of ample amounts of water; dehydrating these materials
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creates such strong Coulombic bonding that they become brittle, non-thermoplastic, and virtually impossible to
process. We present a strategy to intrinsically moderate the electrostatic bond strengths in apolar polymeric solids
by the covalent grafting of attenuator spacers to the charge carrying moieties. This produces a class of polyelec-
trolyte materials that have a charge density of 100%, are processable and malleable without requiring water, are
highly solvent- and water-resistant, and are fully recyclable. These materials, which we coin “compleximers,” marry
the properties of thermoplastics and thermosets using tailored ionic bonding alone.

INTRODUCTION

Tonic interactions between oppositely charged macro-ions can, when
well controlled, form a versatile supramolecular strategy to assemble
a wide diversity of materials. Nature has evolved complex biomolecu-
lar motifs that harness these electrostatic attractive forces to their full-
est potential, ranging from strongly hydrated soft coacervates, such as
membraneless organelles (1), to the dense packing of DNA in chro-
matin through complexation with histones (2), to tough and stiff na-
cre that relies on strong electrostatic bonding between proteins and
mineral platelets (3, 4). In the synthetic domain, soft complex coacer-
vates (5) and moderately hydrated polyelectrolyte complex (PEC)
materials (6), sometimes called saloplastics (7), have been studied ex-
tensively. In all of these examples, water is an essential plasticizer (8-
11), together with salt ions that screen the polymeric charges (12). To
go beyond nature and create materials that use ionic interactions as
dynamic cross-linkers, but which do not require water as a plasticizer,
the use of charge interactions turns out to be more challenging. PECs
have been studied extensively, yet primarily in the hydrated state, and
have failed to show useful properties when dehydrated, because the lack
of an accessible glass transition below the degradation temperature
makes these materials brittle and un-processable in the dry state (12).
In ionomers, interactions between charged side groups on polymer
chains and their counterions lead to toughness enhancement in ther-
moplastics, but only if the charge density is kept low to moderate (13).
Increasing the charge density to more than, typically, 15 mol % of the
monomers leads to the deterioration of the material properties, and
increased water sensitivity (14, 15). Because of these challenges, the
full potential of charge interactions in water-free environments,
for instance, as dynamic cross-links in plastics, has yet to be realized.
Consequently, there are no strategies to date to create a thermoplastic
that relies exclusively on charge interactions at a high density that is
recyclable, processable, and malleable at elevated temperature, and
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which is insensitive to hydration levels. A crucial requirement to gain
sufficient control over jonic interactions in the absence of water and
salt is that the electrostatic forces must be tempered to achieve the
plasticity that is needed for processing. We can take inspiration from
the field of ionic liquids, where the addition of asymmetric bulky pen-
dant groups tempers the electrostatic forces to lower their melting
point and to frustrate crystallization (16). Macromolecules of ionic-
liquid monomers, also known as poly-ionic liquids (17), have been
studied in association with their small-molecule counterions, but not
in PECs where all small-molecule ions are removed and no additional
solvent is present (18).

In this work, we introduce a material concept, which we coin com-
pleximers, which are thermoplastics with a 100% charge density, con-
structed exclusively from electrostatic interactions between oppositely
charged polymers. The key principle is that of intrinsic plasticization
in which we use extended hydrophobic tails on the charged mono-
mers to moderate the electrostatic forces in the absence of water.
Compleximers are ionically cross-linked materials that are moldable
by hot-pressing, are recyclable, and, despite their high charge density,
are insensitive to water and resistant to a range of organic solvents.
Small-molecule ionic liquids can be added on demand to further tune
the glass transition temperatures and material mechanics, serving the
function of electrostatic plasticizers. Compleximers thus combine at-
tributes from both thermoplastics and thermosets, the two most tra-
ditional polymer classes. As a result, they offer a distinctive ionic
alternative to other thermally reconfigurable bonds such as associa-
tive dynamic covalent bonds in vitrimers (19).

RESULTS

Intrinsically screened polyelectrolytes form solid complexes
in solution

PECs are formed when two polymers that bear oppositely charged
side chains are combined in solution. The combination of a Coulom-
bic attraction between the charged groups attached to the backbone
and the gain in counterion entropy upon their release leads to the pre-
cipitation of a dense phase (20, 21). This results in either very soft
viscoelastic liquids, when hydration levels and ionic strengths are
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high (22), or very brittle solids, when water and counterions are com-
pletely removed (23). The concept of compleximers is to reduce the
dependence on external plasticization by water and salt by introducing
intrinsic (internal) plasticizers chemically attached to the polymers
themselves. To this end, we took inspiration from ionic liquids and
synthetized polyelectrolytes with bulky side chains attached to the
charged moiety. The polycation is based on vinylbenzylchoride, quat-
ernized post-polymerization with varying side chains, and the poly-
anion is based on styrenesulfonyl imides, with fluorinated side chains
of two different lengths. By varying the side-group dimensions, we
constructed pairs of oppositely charged polyelectrolytes whose ionic
interactions vary gradually from strong [non-screened (NS)], to
moderate [half-screened (HS)], to weak [screened (S)] (Fig. 1, A to
C). The role of the hydrophobic tethers is to increase charge separation
distances, moderating interaction strengths not only to promote mal-
leability at elevated temperature but also to introduce hydrophobicity

to reduce the water sensitivity that is prominent and problematic in
ionic materials.

To form compleximers, the two individual polymers are first dis-
solved in a common (organic) solvent and brought into contactin a 1:1
charge stoichiometry to allow complex formation under vigorous mix-
ing (schematic, Fig. 1D). This leads to the formation of a precipitate,
which is the compleximer in the presence of the counterion salt as a
contaminant. This salt is removed by washing a number of times with
MilliQ water until the ionic conductivity of the supernatant approaches
that of pure water (fig. S1A). We verified that this effectively removes
most small ions by wide-angle x-ray diffraction (WAXD) in which the
characteristic peaks of salt crystals disappeared after washing (fig. S1, B
and C). Subsequent drying of the compleximers yields solid powders,
free from small-molecule ions, solvents, and water (Supplementary
Text 1). We confirm that the complexes are approximately stoichiomet-
ric by x-ray photoelectron spectroscopy (XPS) analysis (fig. S2).
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Fig. 1. Polyelectrolytes with varying degrees of intrinsic screening form compleximers upon mixing in solution. Four investigated polyelectrolytes consist of a
polystyrene backbone with ionic liquid-inspired side chains. The alkyl and fluoroalkyl tail lengths are varied to modify the interaction strength. (A) Non-screened (NS)
compleximer has relatively accessible ionic groups, allowing for strong ionic bonding, similar to traditional PECs. (B) Half-screened (HS) compleximer is made with a
highly screened polycation, decreasing the strength of the ionic interactions in the complex. (C) Screened (S) compleximer contains screening tails in both the polycation
and the polyanion, leading to the weakest binding capability. (D) Schematic illustration of complexation. Compleximers are produced by dissolution of a respective poly-
cation or polyanion and subsequent simultaneous mixing, which leads to the precipitation of a solid complex. These are washed with water until the conductivity
reaches equilibrium close to the conductivity of MilliQ water, removing all free counterions from the complex. The final compleximer is obtained as a dry powder. nr.,
number.
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Screening of polyelectrolytes enables water-free processing

and recycling

In traditional PECs, the removal of plasticizers causes the ionic bond-
ing to become so strong that the glass transition temperature shifts up,
often above their decomposition temperature, making processing im-
possible (11, 24-27). Processability of these materials thus always re-
quires the presence of both salt and water, hence the name saloplastics
(28). Hydrophobic grafting of polyelectrolytes is known to affect the
salt stability in PECs, usually increasing their salt resistance in solu-
tion (29-32). However, their mechanical properties remain largely
determined by their hydration level, and the effect of hydrophobic
screening of charged domains on mechanical properties in the ab-
sence of water has remained elusive.

We show that hot-pressing of our dry NS compleximer, which is a
weakly screened version of a traditional saloplastic material due to the
ionic-liquid inspired side-chain chemistry, proves unsuccessful as the
compressed material fails to fuse and remains heterogeneous and gran-
ular, even at temperatures up to 300°C (Fig. 2A). This evidences that the
relatively weakly binding ionic-liquid moieties alone plasticize the ma-
terial insufficiently. By contrast, increasing the level of charge screening
further has a tremendous effect: the HS and S compleximers are easily

transformed into cohesive samples by hot-pressing. This validates
our approach of intrinsic plasticization by side-chain attachment. We
systematically varied the pressure and temperature to find the mini-
mal temperature required for successful hot-pressing. The moderately
screened HS compleximer could be molded at a minimum temperature
of 180°C, while increasing the level of screening in the S compleximer
reduced the processing temperature to 120°C.

Ionic interactions are dynamic and reversible in nature, so, unlike
chemically cross-linked plastics, our electrostatically cross-linked com-
pleximers have the potential to be repeatedly reshaped and recycled.
Processing of plastics at elevated temperatures may lead to material
degradation, giving rise to performance loss during recycling (33). We
investigate the thermal stability of our materials with thermogravimet-
ric analysis (TGA) and find that the thermal stability of the individual
polyelectrolytes is enhanced by complexation (Fig. 2B and fig. S3). We
then performed isothermal TGA measurements at temperatures that
correspond to the processing condition of HS compleximer and S com-
pleximer (fig. S4) and find that the heat treatment of HS compleximer
during processing may lead to approximately 2% degradation. The pro-
cessing of S compleximer, however, occurs well below its degradation
temperature (Fig. 2B and figs. $3 and S4).
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Fig. 2. Moderation of ionic interactions in compleximers allows for successful processing and recycling without plasticizing solvents. (A) Ground, dry, complex-
imer powder is hot-pressed, resulting in cohesive samples in case of moderate (HS) to weak (S) binding of the ionic moieties. NS compleximer remains granular after
processing under the proposed conditions, even at high temperatures. (B) TGA analysis of compleximers reveals that strongly binding (NS) compleximers have the highest
thermal stability, followed by similarly degrading HS and S compleximers. Processing occurs well below the respective degradation temperatures. (C) HS compleximer
(orange) undergoes an irreversible change in appearance and mechanical behavior upon recycling, transforming from transparent to turbid (see photo inset) with a
lower modulus. The appearance and performance of S compleximer (purple) is unaffected by recycling. (D and E) Mechanical performance of (D) HS compleximer and (E)
S compleximer show that HS compleximer weakens upon recycling, while S compleximer recovers its original performance.
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We monitor the evolution of the mechanical performance of HS
and S compleximers up to their respective processing temperatures
during multiple recycling steps. Recycling consists of grinding the
formerly hot-pressed samples back to a powder and repeating the
compression process. During the first reprocessing cycle of HS com-
pleximer, the material visually changes from a transparent to a turbid
material, accompanied by a slight decrease in the extensional storage
modulus (E’) as measured by dynamic mechanical analysis (DMA)
(Fig. 2C, orange, and inset). The change in mechanical properties is
further confirmed by tensile testing, where we observe that the maxi-
mum extensibility increases upon recycling (Fig. 2D). The changes in
turbidity emerge from the formation of voids, which we confirmed by
scanning electron microscopy (SEM) (fig. S5, A and B).

It is plausible that chain scission occurs simultaneously with the
degradation that was found with isothermal TGA or even before any
observable weight loss. The repeated hot-pressing may thus lead to
the presence of cleaved chains that can plasticize the material, ex-
plaining the affected mechanical properties of HS compleximer. We
conclude that HS compleximer cannot be (re)processed below its
degradation temperature without performance loss and therefore is
not fully recyclable.

By contrast, repeatedly hot-pressing S compleximer affects neither
the extensional storage modulus (Fig. 2C, purple) nor the already tur-
bid appearance resulting from some slight porosity (fig. S5C) and
micro-phase separation (Supplementary Text 2). No performance is
lost during recycling, as the mechanical properties recover fully
(Fig. 2E), indicating the absence of notable chain scission events or
degradation. This demonstrates that sufficient intrinsic screening of
the charged domains of the polyelectrolyte pair allows for the forma-
tion of complexes that are malleable and recyclable without the need
for any additional external plasticization. We further note that the
mechanical properties of the compleximers remain stable upon stor-
ing the samples at ambient conditions for several months, without any
signs of degradation or physical aging.

lonic liquids are effective plasticizers of compleximers

The malleability of compleximers at elevated temperature suggests the
presence of a thermal transition from a stiff to a soft material. Although
thermal transitions have been observed in hydrated PECs (10, 11), glass
to rubber transitions are not known in dehydrated PECs below their
thermal degradation point, owing to the extremely strongly interacting
charges. The relatively weakly interacting ionic bonds in S compleximer
allow the material to soften with increasing temperature, shown by a
gradual decrease of the extensional storage modulus. However, in its
pure and pristine form, S compleximer does not reach a glass transition
temperature (T,), which we define here as a peak in the loss tangent
tand (= loss modulus E"/storage modulus E’) measured by DMA in
oscillatory mode in a temperature ramp (Fig. 3C and inset). We only
find an onset of a transition, marked by an increase in tand and find a
similar feature for pristine HS compleximer (fig. S6). We gain control
over the thermal transitions and mechanics in S compleximer by vary-
ing the amount of three added plasticizers: the neutral plasticizer
dioctylphthalate (DOP), as well as two ionic liquids that resemble the
chemistry of these compleximers: screened methyl-trioctylammonium
bis(trifluoromethylsulfonyl)imide (IL-S) and non-screened ethyldi-
methylpropylammonium bis(trifluoromethylsulfonyl)imide (IL)
(fig. S7). The plasticizers are blended into the compleximer powder
with a ball mill. Plasticization with moderate amounts of neutral DOP
(fig. S8) leads to the lowering of the storage modulus and gradually

van Lange et al., Sci. Adv. 10, eadi3606 (2024) 10 January 2024

shifts the thermal transition to lower temperatures, suggesting that free
alkyl chains plasticize the material to some extent. However, phase sep-
aration occurs at high concentrations of DOP, causing substantial dete-
rioration of the material properties, which indicates the incompatibility
of this uncharged additive with the charged compleximer. This phase
separation leads to a sudden loss in extensibility of the compleximer,
while still no glass transition is observed at elevated temperature.

By contrast, hot-pressing ionic liquid-plasticized compleximers
leads to increasingly transparent samples with increasing concentra-
tions for both IL-S (Fig. 3A) and IL (fig. S9A), which we attribute to
the disappearance of macroscopic pores (fig. S5, C and D). Addition
of increasing levels of ionic plasticizers allows us to systematically
lower the Ty in compleximers and to modify the mechanics, support-
ing our hypothesis that the weakening of the ionic interactions is
crucial for modifying the compleximer’s mechanical properties. Plas-
ticization with IL-S, a highly screened and viscous ionic liquid de-
creases the modulus of the compleximer moderately while strongly
shifting the loss tangent curves to lower temperatures (Fig. 3 and
fig. S10). We observe a glass transition, represented by a peak in tand,
around 84°C in compleximer plasticized with 20% IL-S (Fig. 3C and
inset). Plasticization with a more liquid-like and less-screened ionic
liquid, IL, has a stronger effect on lowering the modulus of the mate-
rial (figs. S9B and S10) but decreases the glass transition temperature
more moderately: a T, of 140°C is found with 35% IL (fig. S9C
and inset).

We find with small-angle x-ray scattering (SAXS) that ionic liquids
at low concentration (5%) are absorbed by the compleximer pores and
do not lead to any detectable change of the network structure (Fig. 3D
and fig. S9D). In samples with high concentrations (20% IL-S or 35%
IL), structural differences occur that are represented by deviations from
power law behavior of the SAXS profiles, which change slope for the
35% IL (fig. S9D) and change shape showing a broad intensity modula-
tion for the 20% IL-S sample (Fig. 3D and Supplementary Text 2). Such
features relate to conformational changes in the compleximer micro-
structure, and, because the changes are more prominent upon plastici-
zation with IL-S, this screened ionic liquid likely distributes more
favorably in the compleximer network due to its chemical likeness, pos-
sibly explaining its larger effect on the thermal properties. Using ther-
mally resolved SAXS, which is sensitive to changes in the network
density and in the network topology upon relaxation, (34) we observe
that the microstructure of the pure compleximers does not change
upon heating (fig. S11A). Focusing solely on the relative scattered inten-
sity (Supplementary Text 3), which thus mainly represents the change
in the material density, we find that pure compleximer shows only a
slight intensity decrease when heated from ambient temperature to
180°C (Fig. 3E). Conversely, the scattered intensity of compleximer
plasticized with 20% IL-S, upon heating, shows a rapid increase until
50°C, followed by a less marked increase at higher temperature. The
transition temperature between these two regimes matches the onset of
the tand curve quite closely. However, no notable changes in the SAXS
curve of the 20% IL-S sample (i.e., no changes in the microstructure)
are detected upon heating (fig. S11B). Changes in the scattered intensity
of the compleximer plasticized with 35% IL occur similarly at the onset
of the tand modulation yet with very different effects. In this case, a
marked drop of the SAXS intensity is observed starting at 80°C (fig. S9E)
together with some minor changes in the shape of the SAXS curve
(fig. S11C), associated with structural rearrangement of the system.
Temperature-resolved SAXS thus reveals how the onset of the glass
transition process in these plasticized compleximers is associated with
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Fig.3.lonicscreening asthekey toward accessing glass transitionsin compleximers. (A) A screened ionicliquid, methyl-trioctylammonium bis(trifluoromethylsulfonyl)
imide (IL-S) is used to plasticize S compleximer by providing extrinsic screening. Samples become increasingly transparent with increasing plasticization. (B) The thermo-
mechanical behavior of compleximer plasticized with increasing dose of ionic liquid confirms the successful plasticization observed as a decrease of the modulus. (C) The
tand curve shifts to lower temperatures with increasing IL-S content, ultimately revealing glass transitions in the probed temperature range in samples plasticized with 15
to 20% of ionic liquid. The inset shows data on a broader T-range for the 0 and 20% IL-S samples. (D) Static SAXS reveals a change in the microstructure at 20% IL-S. (E) The
relative intensity measured by temperature-resolved SAXS represents changes in the material density related to the thermal transition. (F) Tensile testing at room tem-
perature shows an increasing trend in extensibility upon plasticization. This translates into (G) an increase in ultimate strain and (H) a decreasing trend in the magnitude
of the Young’s modulus.
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changes in the material density for the 20% IL-S system and both
changes in the material density and the network structure for the 35%
IL system.

Glass transitions thus emerge in compleximers upon further
weakening of the ionic interaction strength by ionic liquid plasti-
cization. Moreover, the maximal extensibility increases with in-
creasing level of ionic liquid plasticization (Fig. 3, F to H, and
fig. S8, F to H).

Compleximers combine thermoplasticity with

thermoset characteristics

Compleximers are ionically cross-linked materials and show thermo-
plasticity when sufficiently plasticized with ionic liquids. Because the
stiffness of plasticized compleximers decreases gradually with in-
creasing temperature, they can be easily reshaped under gentle heat-
ing with, e.g., a heat gun to deform the material into a spiral structure
(Fig. 4A). Similarly, broken pieces can be quickly remolded in a hot-
press at elevated temperature (Fig. 4B). Such manipulation of the
shape of the material, especially in the absence of a sample mold, is
comparable to the handling of silica glass and vitrimer materials (35).

In addition to the improved material handling and processing, com-
pleximers are insensitive to water. This distinguishes them from other
ionic materials, in which the effect of water on the mechanical proper-
ties is notorious. Where 24 hours of immersion of a standard polyacryl-
icacid (PAA), poly(diallyldimethylammonium chloride) (PDADMAC)
PEC in water results in considerable swelling and marked loss of me-
chanical properties over several orders of magnitude, the modulus of
our compleximer is hardly affected (Fig. 4C). The incorporation of
bulky hydrophobic tails in polyelectrolytes thus not only improves the
processability of compleximers but also successfully generates sufficient
hydrophobicity for water resistivity. Compleximers are also insoluble in
other (organic) solvents, similarly to thermosets. Immersion of S com-
pleximer in a variety of solvents shows the insolubility over a time span
of 5 months (Fig. 4, D to M, and table S1). Compleximers absorb trace
amounts of water or salt solution (2.5 M KCl), in which PECs typically
absorb a large fraction of their weight or dissolve completely. Immer-
sion of the compleximer in organic solvents such as dimethylformamide
(DMF) and toluene causes swelling of the compleximer. In IL-S, the
compleximer also shows no signs of dissolution. Compleximers thus
contain reconfigurable ionic interactions that give rise to solvent

10000
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10

Extensional storage modulus (MPa)

Dry Wet
Compleximer

Dry
PEC

Fig. 4. Compleximers are excellently malleable and solvent and moisture resistant. (A) A plasticized sample of S compleximer (20% IL-S) can be deformed into a
spiral shape upon heating with a heat gun. (B) Large pieces of plasticized S compleximer (35% IL) can be easily molded into a new shape at elevated temperature. (C) Dried
PEC of PAA-PDADMAC (dark grey) is extremely stiff but loses mechanical performance upon overnight immersion in water (light gray). The modulus of S compleximer
(dark purple) remains unaffected in water (light purple). (D to M) Samples of S compleximer directly after immersion in a variety of solvents: (D) water, (E) 2.5 M KCl in
water, (F) screened ionic liquid, (G) dimethylformamide (DMF), and (H) DMF/toluene 1:1. [(I) to (M)] Samples of S compleximer immersed in said solvents for 5 months. No

dissolution occurred, and samples swell in DMF and DMF/toluene.
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resistance while also allowing for processing and recycling at elevated
temperature.

DISCUSSION

The compleximer materials presented in this work serve as a proof of
concept for the use of moderated ionic bonding as a recyclable alter-
native to covalent cross-links in plastics. Compleximers distinguish
themselves from traditional PEC materials through the intrinsic
screening of the ionic interactions by the attachment of bulky hydro-
phobic tails to the charged monomers. These hydrophobic polyelec-
trolytes form a complex when combined in solution, following the
same driving force as traditional complex coacervation, but can be
further used in the solvent-free state. When the hydrophobic tails at-
tached to the charges are long enough, this leads to processable and
recyclable materials that are resistant to water and other solvents. Our
findings strongly suggest that weakening of the ionic interactions, by
diluting the charged groups in the material and by sterically hindering
their close proximity, is responsible for the improved processability.
This is further confirmed by our observation that ionic plasticizers
can very effectively lower the Ty and the elastic modulus of the mate-
rials. Nevertheless, the hydrophobic tails may also contribute to the
processability in other ways, for example, by reducing friction be-
tween the backbones (Supplementary Text 4 and fig. S13). While it is
difficult to distinguish between these two effects, we anticipate that a
more detailed understanding of the precise role of ionic interactions
in these materials can be obtained by systematic variation of the
length of the attenuator groups and the density of charges along the
backbone, together with quantitative measurements of the interaction
strength between the polymers, for example, using single-molecule
force spectroscopy (36), or by characterizing their phase behavior in
solution (37).

The thermal transitions found in these compleximers appear to be
rather different from those commonly found in glassy polymers,
where the extensional storage modulus decreases rapidly around the
T, and the peak in tand is much sharper. Compleximers are relatively
soft glasses that soften much more gradually over a broad range of
temperatures. This behavior is reminiscent of vitrimers, of which the
viscosity also gradually decreases with temperature, resulting from
their characteristic intermolecular dynamics that follow the Arrhe-
nius law. We cannot find a signature of the T, with differential scan-
ning calorimetry (DSC) (fig. S12), again suggesting that compleximers
may not have a sharp glass transition like traditional polymer glasses.
It may well be that the long-ranged nature of the Coulomb interac-
tions, as opposed to the short-ranged attraction of most other supra-
molecular bonds, blurs the notion of individual, localized bonds and
leads to a very different type of thermal transition. A more detailed
study of the relaxation dynamics in these materials at different tem-
peratures and the role of the screened ionic interactions therein is
required to obtain a better understanding of the nature of the thermo-
mechanical transition.

Such systematic studies may also inspire further modification of
the chemical structure to create improved polyelectrolyte combina-
tions that do not need external plasticization to reveal thermal transi-
tions or that produce materials with improved toughness. Achieving
this probably requires not only changing the nature of the pendant
chains but also exploring different polymer backbones with intrinsi-
cally lower T or lower charge densities. Moreover, to fully realize
the sustainability of this material concept, we aim to investigate
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alternatives for the fluorinated side chains and their effect on the pro-
cessability and water resistance.

In summary, we have demonstrated that carefully moderated ionic
interactions can be used as a reversible alternative to covalent cross-
linking in water-free PEC materials. We hope that the compleximer
concept will form an inspiration for exploring previously unidentified
directions in the field of traditional PECs and to novel strategies for
developing recyclable plastics.

MATERIALS AND METHODS

Materials

Sodium 4-vinylbenzenesulfonate (NaSSA; >90%), 4-vinylbenzyl
chloride (VBC; 90%), N-methyldidecylamine (MDDA; 95%), 2,2’
-azobis(2-methylpropionitrile) (AIBN; 98%), ammonium persul-
fate (APS; >98%), (vinylbenzyl)trimethylammonium chloride
(VBTMAC; 99%), magnesium sulfate (MgSOy; anhydrous), aceto-
nitrile (ACN; anhydrous), DMF (anhydrous), ethyldimethylpro-
pylammonium bis(trifluoromethylsulfonyl)imide (IL; 99%),
methyl-trioctylammonium bis(trifluoromethylsulfonyl)imide (IL-
S; >99%), DOP (>99.5), PAA solution (average M,, of ~250,000;
35wt % in H,0) and PDADMAC solution (average M,, of 200,000
to 350,000, 20 wt % in H,0), and sodium hydroxide (NaOH;
>98%) were purchased from Merck. Deuterated solvents were
bought from Buchem. All other solvents were purchased form Bio-
solve. Oxalyl chloride [(COCI);; >98%], trifluoromethylsulfon-
amide (TFSA; >98%), and triethylamine (TEA; >99.0%) were
obtained from TCI. Perfluorooctanesulfonamide (PFOSA; 97%)
was received from SynQuest Laboratories. All chemicals were used
without further purification.

Synthesis of pVBC

The synthetic procedure was adapted from a literature procedure (38).
VBC (15.0 g, 99 mmol) was dissolved in 50 ml of toluene, followed by
degassing with nitrogen for 10 min. AIBN (0.024 g, 0.15 mmol) was
added, and the solution was degassed with nitrogen again. The reac-
tion mixture was allowed to react for 16 hours at 60°C. The reaction
mixture was allowed to cool down to room temperature, and the tolu-
ene mixture was concentrated before precipitation in cold methanol
(300 ml). After filtration, the crude polymer was redissolved in 10 ml
of chloroform and the precipitation was performed three more times.
After the final filtration step, the polymer was dried in the vacuum
oven overnight at 40°C and to obtain poly VBC (pVBC) as yellowish
powder (4.44 g, 29.8%).

Synthesis of pVBMDDA-CI

pVBC (3.0 g, 20 mmol) was dissolved in 50 ml of DMF (70°C, 30 min),
and MDDA (12.3 g, 39 mmol) was added and allowed to react for
2 days at 70°C. The crude polymer mixture was precipitated in water
(1liter) and dried under vacuum overnight at 40°C to obtain a yellow
solid (9.39 g, 61%).

Synthesis of pVBTMA-CI

The synthesis protocol was modified from a published method (39).
VBTMA-CI (15,88 g, 75 mmol) was dissolved in 150 ml of demiwater
and degassed with nitrogen for 30 min. After heating to 50°C, APS
(34 mg, 0.15 mmol) was added, and the reaction mixture was allowed
to react at 50°C for 20 hours. The viscous mixture was precipitated in
1 liter of cold tetrahydrofuran (THF) to obtain a white precipitation.
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After filtration, the crude polymer mixture was dissolved in water and
precipitated in THF again. Last, the THF was decanted, and the puri-
fied polymer was dried under vacuum for 20 hours (40°C) to obtain a
white solid (14.57 g, 92%).

Synthesis of STFI-K

The synthetic method was based on reported methods in the lit-
erature, in which similar styrene-based polyelectrolytes were syn-
thesized (40, 41). Dry ACN (300 ml) was cooled to 0°C and degassed
with N, for 40 min, before oxalyl chloride (13.58 g, 85.4 mmol)
and anhydrous DMF (1 ml) were carefully added due to the strong
exothermic reaction. The solution was stirred for 4 hours at room
temperature to form the Vilsmeier-Haack complex. The solution
was cooled down to 0°C, followed by the stepwise addition of NaSSA
(16.0 g, 77.7 mmol) powder with backflow nitrogen, which results
in the formation of NaCl precipitates. The mixture was stirred
overnight at room temperature.

TESA (11.57 g, 77.7 mmol) and TEA (19.61 g, 19.42 mmol)
were dissolved in dry ACN and degassed for 30 min with a stream
of nitrogen. The synthesis mixture with sulfonyl chloride solution
was cooled down to 0°C, before the ACN solution with TFSA and
TEA was slowly added. After reacting overnight [room tempera-
ture (RT), N;], the mixture was filtered, and solvent was removed
under vacuum. The resulting crude brown oily substance was dis-
solved in 50 ml of dichloromethane and extracted twice with a
saturated sodium bicarbonate solution and once with brine, and
the purified product was dried under vacuum. The obtained or-
ange oil (6.73 g, 16.2 mmol) was mixed with a molar excess of
K,COs3 (4.46 g, 32.3 mmol) solution in 80 ml of water and gradu-
ally changes to a yellow powder. After stirring for 2 hours, the mix-
ture was centrifuged (15 min, 1500¢) and redispersed in water, and
this was repeated until the supernatant becomes colorless (about
three to five times). Last, the supernatant was removed, and the
product was dried in the vacuum oven at 30°C overnight, resulting
in a white powder (4.52 g, 16%).

Synthesis of pSTFI-K

4-Styrenesulfonyl (trifluoromethylsulfonyl) imide (STFI) (4.52 g,
12.8 mmol) was dissolved in 30 ml of demiwater at 70°C and degassed
with a stream of nitrogen for 20 min. APS (4.8 mg, 0.03 mmol) was
added, and the mixture was degassed again for 10 min. The reaction
mixture was stirred for 18 hours at 70°C. Water was evaporated, and
the crude polymer was obtained as a sticky yellow sticky powder. This
was dissolved in a few milliliters of dimethyl sulfoxide (DMSO) at el-
evated temperature (80°C, 30 min) and precipitated in 800 ml of cold
THE The precipitation solution was decanted, with a sticky polymer
left in the beaker, and the procedure was repeated. After four precipi-
tation steps, the polymer was dried under vacuum overnight at 40°C,
and a yellow powder was obtained (4.31 g, 95%).

Synthesis of SPFI-K

The same experimental protocol as the potassium STFI (STFI-K)
synthesis was used, with the only deviation that PFOSA (10.9 g,
24.3 mmol) was used instead of TFSA. A white powder was obtained
(6.9 g, 40%).

Synthesis of pSPFI-K
A similar experimental protocol as for the poly STFI-K (pSTFI-K) po-
lymerization was used, with the following deviations. 4-Styrenesulfonyl
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(perfluorooctanesulfonyl) imide (SPFI) (5.9 g, 8.3 mmol) and AIBN
(4.8 mg, 0.029 mmol) were mixed in 50 ml of THE which was purified
by a small alumina column before. The reaction mixture was stirred for
18 hours at 70°C, and a glassy precipitation was formed over a few
hours. After removal of THE the crude polymer was dissolved in a few
milliliters of DMSO and precipitated in cold water, lastly resulting in a
white powder (4.04 g, 68%).

Nuclear magnetic resonance

'H, *C, and "°F nuclear magnetic resonance spectra were performed
on a Bruker AV400 MHz spectrometer with CDCl;, DMSO-d6, or
D,0 as a solvent. Results are shown in table S2 and fig. S14.

Gel permeation chromatography

Gel permeation chromatography (GPC) measurements with organic
solvents were performed using a Agilent Technologies 1200 system
equipped with PLgel 5-pm, MIXED-D column and an Agilent 1200
RI detector thermostated using a Eppendorf CH-30 column heater
with a TC-50 control unit. Samples were run at a flow rate of 1 ml/min
using DMF with 0.1 wt % LiBr as eluent at 50°C or THF at 35°C. The
calibration was performed using narrow molecular weight polysty-
rene standards.

GPC analysis with aqueous eluents were carried out at a Agilent
Technologies 1200 infinity IT with a Superdex 200 Increase 10/300 GL
column and a Agilent 1260 RID detector. Analysis were performed
with an aqueous solution containing 0.3 M NaNOj and 0.02 M
NaH,PO; as eluent at 35°C, a flow rate of 1 ml min™', and a calibra-
tion was carried out using polyethylene oxide standards. GPC results
are shown in table S3.

Polyelectrolyte complexation

Polyelectrolytes were heated while stirring on an oil bath at 110°C in a
1:1 mixture of DMF/toluene at 0.055 M [to form HS from pSTFI-K and
poly(vinylbenzyl methyldidecylammonium chloride) (pVBMDDA-
Cl), and S compleximers from poly SPFI-K (pSPFI-K) and pVBMDDA-
Cl] or water at RT [to form NS compleximer from pSTFI-K and
poly(vinylbenzyl trimethylammonium chloride) (pVBTMA-CI)] until
fully dissolved (Supplementary Text 5). Equimolar amounts of the re-
spective solutions of polycation and polyanion were mixed simultane-
ously and kept under stirred conditions (at 110°C or RT, respectively)
overnight. The resulting suspensions were cooled down to room tem-
perature and either centrifuged or precipitated in MilliQ water to isolate
the solid precipitates. The supernatants were removed, and MilliQ wa-
ter was added to wash out small counterions by vigorous stirring. The
water was replaced twice per day for at least 3 days, which has been
shown to effectively remove counterions (42). The resulting fine pow-
ders were filtered off and dried in a vacuum oven at 70°C for 3 days and
then stored in a desiccator.

To create a reference PEC, PAA, and PDADMAC solutions
were diluted to 0.125 M with MilliQ water, and the pH was ad-
justed to pH 7 with a NaOH solution, as described in the literature
(43). The solutions were combined in equimolar amount, and the
beakers were rinsed with some extra water. The solution was
stirred overnight until the solution was fully transparent. The su-
pernatant was decanted, and fresh MilliQ water was added and
replaced every 12 hours for 3 days under stirring. Then, the MilliQ
water was decanted and replaced by a 5:1 EtOH:H,O solution for
annealing, and this resulted in a more stiff complex suitable for
processing.
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Conductivity measurements

The supernatants obtained from each compleximer washing cycle
were subjected to conductivity measurements using a Knick 703 con-
ductometer equipped with a two-electrode probe with a cell constant
of .08 cm™.

Hot-pressing

0.15 g of compleximer was added to a rectangular pressing die (20 mm
by 5 mm, Zhengzhou TCH Instrument Co.). The die was preheated
for 15 min at the desired temperature (NS, 300°C; HS, 180°C; and S,
120°C) in a Specac manual hydraulic press equipped with heated plat-
ens before a pressure of 1.5 tons was applied for (NS, 30 min; HS,
30 min; and S 15 min). After releasing the pressure, the sample mold
was removed from the press and cooled down for at least 30 min be-
fore the sample was removed.

Soaked PAA-PDADMAC PEC was cut in pieces and patted dry
with a paper towel. The material was transferred to a 30 mm-by-
10 mm-by-1 mm flat sample mold and compressed at 80°C at 4 tons
of pressure for 10 min between two smooth Teflon sheets. The sample
plate was cooled inside the sample press and transferred to a desic-
cator with desiccant. When completely dry, the samples were re-
moved from the mold and stored in a desiccator between two
glass slides.

lonic liquid plasticization

Pure S compleximer powder was added to a disposable 20 ml ball
milling tube (IKA Laboratory Equipment). The percentage of
plasticizer was based on the total polymer mass. The desired
amount of ionic liquid, and 15 stainless steel balls were added to
the tube. The powder was ground in three stages of 3 min with an
IKA ULTRA-TURRAX Tube Drive at power level 9. Intermedi-
ately, the powder was scraped from the sides of the tube. Hot-pressing
proceeded as described previously. At high levels of plasticiza-
tion, 20% IL-S and 35% IL, the hot-pressed rectangular samples
were broken in pieces and hot-pressed at 120°C for 5 min in a
circular mold with a diameter of 7 mm and a thickness of 1 mm.

Recycling

Hot-pressed samples were pre-ground into a coarse powder with a
Blaupunkt FCG701 coffee grinder. This coarse powder was then
ground more finely in 20-ml IKA ball milling tube using the IKA
ULTRA-TURRAX Tube Drive with 15 stainless steel balls at power
level 9 in three cycles of 3 min with intermediate scraping. Hot-
pressing followed as described previously.

Wide-angle x-ray diffraction

The WAXD studies were conducted using Bruker diffractometer in
the reflection mode with the incident x-ray wavelength of 1.542 A at
a scan rate of 0.06° min~". Hot-pressed samples of 5 mm by 5 mm
were used.

Scanning electron microscopy

SEM was performed on a FEI Magellan 400 (FEI Electron Optics B.V,,
TheNetherlands) usinganacceleration voltage of2.0kV. Compleximers
were mounted on 90° aluminum stubs with double-sided adhesive,
conductive carbon tape. Hot-pressed samples were broken in pieces.
The fractured surface was oriented upward and sputter-coated with a
10-nm layer of tungsten (Leica EM SCD500, Leica Microsystems, The
Netherlands).
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Thermogravimetric analysis
A STA 6000 from Perkin Elmer was used to determine the thermal
stability of the individual polymers and complexes. Approximately
5 mg of material was weighed and added to a ceramic sample cup. The
samples were heated under an air flow of 20 ml min ™" at a rate of 10°C
min " from 30° to 600°C and lastly kept isothermal for 5 min at 600°C.
Isothermal TGA measurements were performed by heating a sam-
ple from 30°C to the temperature of interest at a rate of 50°C min ™.
The sample was subsequently kept isothermal for a duration of 30 or
60 min, after which the temperature was increased at a rate of 20°C
min~" to study ascending temperatures. All measurements were done

under an airflow of 20 ml min~".

Differential scanning calorimetry

We used a TA instruments DSC25 to measure the thermal response of
compleximer samples, pure polymers, and plasticized compleximers.
Approximately 7 mg of sample was weighed in an aluminum Tzero
pan. We performed all measurements under a continuous nitrogen
flow at 50.00 ml min~" with an empty Tzero pan as reference. The
samples were initially heated to 40°C and held isothermal for 5 min to
equilibrate. Then, the temperature was increased to 200°C at a heating
rate of 10°C min™", after which the temperature was held isothermal
for 5 min again. The sample was subsequently cooled at the same rate,
and the entire sequence was repeated to obtain data of two heating
cycles. Before doing the DSC tests, different sample pans were heated
in an oven of 200°C to ensure that the pans would remain closed in
the machine.

X-ray photoelectron spectroscopy

A JPS-9200 photoelectron spectrometer (JEOL, Japan) was used to
determine the elemental composition of the hot-pressed samples. The
spectra were generated by applying monochromatic Al Ka x-ray ra-
diation at 12 kV and 20 mA with an analyzer energy pass of 10 eV for
narrow scans. Processing of the spectra was performed using the peak
fitting program in CasaXPS software (version 2.3.24 PR1.0).

Dynamic mechanical analysis

An Anton Paar 702 Space Multidrive equipped with a DMA fixture
was used for extensional oscillatory measurements. First, amplitude
sweeps were performed at room temperature at 1 Hz to determine the
linear viscoelastic regime of the materials. Then, a heating and subse-
quent cooling ramp (3°C min~") were performed between 25°C and
the processing temperature (HS, 180°C; and S, 120°C) while oscillat-
ing with a strain of S of 0.1% and HS of 0.01% at a frequency of 1 Hz
with a preload force of 1500 Pa. Two plasticized samples (20% IL-S
and 35% IL) were additionally characterized in shear mode with a
7-mm plate-plate geometry using a preload force of 2 N at 1 Hz and
an amplitude of 0.1%. The shear moduli were converted to extension-
al moduli by multiplying by 3.

Small-angle x-ray scattering

SAXS measurements were performed at the Multipurpose Instru-
ment for Nanostructured Analysis in Groningen, The Netherlands.
The instrument was equipped with a high flux Cu rotating anode
(Bruker) and two-dimensional (2D) x-ray detectors. SAXS images
were collected using a 2D Pilatus 300k (Dectris) detector placed 3 m
away from the samples. Compression molded samples of 1 mm in
thickness were placed inside a Linkam hot stage, allowing heating of
the sample. Samples were contained in an aluminum pan equipped
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with kapton windows. The temperature was increased stepwise every
10°C, and the samples were equilibrated for 10 min before each SAXS
measurement. The beam center and the scattering angle scale were
calibrated using the known position of diffraction rings from a Silver
Behenate standard powder. After background subtraction, the 2D
SAXS images were converted into the 1D SAXS intensity profiles us-
ing the FIT2D software [from European Synchrotron Radiation Facil-
ity (ESRF)], and the data were plotted against the modulus of the

4msin®
y
0.15413 nm is the x-ray wavelength.

scattering vector 4 = where 20 is the scattering angle and A =

Tensile testing

The rectangular samples were used for stress-strain experiments at
least a the day after performing the temperature ramp. The samples
were subjected to a linear stress ramp from 0 to 10 MPa at a speed of
0.5 MPa s™" until they broke.

Solvent absorption

Samples were immersed in a variety of solvents and left in closed con-
tainers for several months. To quantify the absorption, these samples
were patted dry with a paper towel and weighed. The samples were
then dried under vacuum at 40°C. The samples were weighed after 1 and
2 days of drying. Because the dry weight was stable, the weight on the

second day was used for further calculations. The mass percentage of
Weight e, — Weighty,
8N tswolle 8Ntyry % 100 %.

absorbed solvent was calculated through -
Weighty,,
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