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Ionic supramolecular networks are attractive materials for technological applications with unique
properties such as ionic conductivity, stimuli-responsiveness, recyclability, and self-healing. Herein, new
semicrystalline supramolecular ionic networks are designed from fully biobased building blocks such as
tartaric acid, phytic acid, sebacic acid, and a fatty dimer diamine (Priamine™ 1071). The combination of
tartaric acid with Priamine™ 1071 results in a crystalline and brittle polymer, but its molecular regularity
can be controlled by incorporating sebacic acid or phytic acid, affording tough materials with appropriate
mechanical properties (elastic moduli ranging 19e42 MPa). Furthermore, the ionic polymers show
network-to-liquid phase transitions between 75 and 127 �C, and in the liquid state, they were found to be
miscible with a lithium-based deep eutectic solvent, yielding flexible and conductive eutectogels. Alto-
gether, these dynamic networks could open new prospects for developing fully green soft ionic materials
from their combination with other innovative and low-cost eutectic mixtures.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Supramolecular ionic interactions represent a real opportunity
to design new intelligent and functional polymer materials holding
great promise in the field of actuators [1], sensors [2], and advanced
energy-storage devices [3]. A simple proton transfer reaction be-
tween multifunctional carboxylic acids and amines can be used to
introduce these ionic interactions in polymer networks readily [4].
Due to their dynamic nature, the resulting materials often show
stimuli-response, shape-memory, recyclability, or self-healing
r (L.I. Ronco), matiasluis.
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properties that are invaluable for high-demanding applications
[5e7]. Since the discovery of supramolecular ionic networks by
Prof. Grinstaff in 2008 [8], this realm has been considerably
expanded, incorporating a variety of ionic motifs and polymer ar-
chitectures [9e12]. For instance, Mecerreyes et al. pioneered the
development of ionic networks combining aliphatic diamines/
natural dicarboxylic acids [13,14], geminal dicationic ionic liquids/
citric acid [15], sulfonyl imide dianions/geminal di-imidazolium
dications [16], and fully biobased building blocks [17]. This last
class of networks is especially fascinating, considering a sustainable
and versatile design made 100% from biobased materials.

Interestingly, biobased ionic supramolecular networks derived
from fatty dimer diamine (Priamine™ 1074) and tartaric acid (TA)
have been reported as semicrystalline [17]. Crystalline domains in
polymer networks are, in most cases, beneficial as they contribute
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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to improving their mechanical and thermal stability [18,19]. Un-
fortunately, as in the case of Priamine™ 1074/TA, great crystallinity
extents turn the materials highly brittle. In addition, it has been
demonstrated that high crystallinity can negatively affect ionic
conductivity in polymer electrolytes [20e23].

Therefore, in this communication, we propose that by control-
ling the molecular regularity in tartaric-based ionic networks, their
crystallization degree could be tuned-up, giving rise to new ionic
polymers with boosted mechanical performance. In this vein, we
used natural long-chain dicarboxylic and multifunctional acids to
break the hydrogen bond-induced crystallization in those ionic
networks. Specifically, ionic polymers were prepared by proton
transfer reaction combining all plant-derived Priamine™ 1071, TA,
sebacic acid (SA), and phytic acid (PA), a multifunctional ionic
crosslinker frequently used in conductive materials [24,25]. The
obtained ionic networks were characterized in terms of their
viscoelastic, thermal, mechanical, and ionic properties. Further-
more, since these dynamic polymers show thermoreversible
network-to-liquid phase transitions, they could be appealing plat-
forms to immobilize neoteric ionic solvents like deep eutectic sol-
vents (DES), toward developing innovative eutectogels. As proof of
this, we explore the use of lithium bis [(trifluoromethyl)sulfonyl]
imide (LiTFSI) and N-methylacetamide (NMA) (1: 2 mol ratio) to
Fig. 1. Proposed reaction route for the synthesis of the supramolecular ionic networks. Priam
networks (B).

2

yield flexible eutectogels as potential polymer electrolyte for
lithium metal batteries. Indeed, LiTFSI/NMA has already proved to
be an efficient and low-cost electrolyte for lithium-activated car-
bon-based supercapacitors [26e28], Li-ion, and lithium metal
batteries [29e31]. Thus, it is expected that ionic network-based
eutectogels bring new perspectives to the design of energy-
storage devices.
2. Results and discussion

2.1. Synthesis and characterization of supramolecular ionic
networks

Herein, we explored the synthesis of supramolecular ionic
networks by a proton transfer reaction between Brønsted acids (i.e.,
dicarboxylic acids) and a Brønsted base (i.e., diamine), as presented
in Fig.1A [14,32]. Commercially available reagents entirely based on
100% renewable carbon were used, including two dicarboxylic
acids, such as TA and SA, multifunctional PA, and the diamine Pri-
amine™ 1071. All synthesized ionic networks were prepared using
equal equivalents of diamine and diacids, varying the chemical
nature of the acid feed composition. The equivalent fractions of
each acid are indicated in the experiment codes as a subscript after
ine™ 1071 is represented with an ideal structure (A). Pictures of the as-prepared ionic



Fig. 2. ATR-FTIR spectrums of the synthesized supramolecular ionic networks based
on tartaric acid, sebacic acid, and Priamine™ 1071, without (A) and with phytic acid
(B).

Table 1
Thermal properties of the synthesized ionic networks measured by differential
scanning calorimetry and crystallinity degrees estimated by X-ray diffraction.

Ionic network Tg (�C)a Tm (�C)b Am (J/g) Crystallinity (%)

TA1SA0PA0 N.D. 140.1 33.0 42.0
TA0.95SA0.05PA0 N.D 137.2 30.6 33.9
TA0.85SA0.15PA0 N.D 140.3 27.5 28.3
TA0.75SA0.25PA0 �26.8 121.4 15.5 20.7
TA0.75SA0.15PA0.1 �31.0 106.3 12.3 29.3
TA0.75SA0.05PA0.2 �24.4 109.2 15.5 23.1
TA0.75SA0PA0.25 �15.1 114.4 23.0 35.8
TA0SA0PA1 �12.8 72.8 16.2 23.4

a Determined from the second heating cycle.
b Determined from the first heating cycle; N.D.: Not detected.
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the abbreviations “TA” for tartaric acid, “SA” for sebacic acid, and
“PA” for phytic acid. Thus, TA0.75SA0.25PA0 indicates an ionic
network synthesized with an equivalent ratio of TA/SA/PA equal to
0.75/0.25/0.

Note that the incorporation of PA gives place to the formation of
multiple ionic interactions, acting like a physical crosslinker of the
3D network. In addition, the presence of TA, containing hydroxyl
functionalities, can induce crystallization in the network by
hydrogen bonding interactions. The formed ionic materials (Fig. 1B)
presented a brownish color and were transparent.
3

Fig. 2 shows the attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectra of the ionic networks and their pure
components. For Priamine™ 1071, peaks at 2920 and 2850 cm�1

are attributed to CH2 symmetrical and asymmetrical stretching.
The C¼O stretching band of TA and SA appears at 1730 and
1690 cm�1, respectively, while peaks at 3405, 3360 cm�1 and 1150,
1100 cm�1 in the spectrum of TA are associated with eOH and CeO
stretching vibrations, respectively. In the spectrum of all synthe-
sized ionic networks, a new intense peak can be observed at
1560 cm�1, which corresponds to the (COO) asymmetrical
stretching of carboxylate anions, evidencing the proton transfer
reaction between the acids and the amine to form the ionic species.
Moreover, a significant red-shift of the eOH and CeO stretching
bands of TA was observed after forming the ionic materials, indi-
cating strong hydrogen bonding interactions.

The crystallinity degree of the networks induced by these
hydrogen bonding interactions was investigated by thermal anal-
ysis. Fig. 3A and B, and Fig. S1 of the supporting information (SI)
show the differential scanning calorimetry (DSC) curves of the first
and second heating cycle, respectively, while Table 1 presents the
values of Tg, Tm, and the area of themelting peak (Am) that is related
to the extent of crystallinity in the ionic networks.

As can be observed for ionic networks synthesized without
PA, Tm, and Am decreased when the concentration of TA was
diminished, indicating a reduction in the formation of semi-
crystalline regions (Table 1, Fig. 3A). Furthermore, a Tg at low
temperature is observed in the material with a TA concentration
of 0.75 Eqv. (TA0.75SA0.25PA0), while it is not detected in ionic
networks with higher content of this acid. This behavior can be
associated with the increment in crystallinity extent, as crystal-
line domains act as physical crosslinks and reduce the polymer
chain mobility.

On the other hand, the effect of PA can be evaluated according to
its concentration. For instance, when a low amount of this acid is
used, as in TA0.75SA0.15PA0.1, Tg, Tm, and Am were reduced compared
to the analogous ionic network TA0.75SA0.25PA0. These effects can
probably be related to the large molecular size of PA, which can
increase the free volume of the network reducing the Tg. Although
PA can act as a physical multifunctional crosslinker, restricting the
polymer chain mobility and hence increasing the Tg, it is supposed
that, at low concentrations, the increment of the network's free
volume dominates the effect on the phase transition. In addition,
low PA contents can introduce more network irregularities by
reducing the crystallinity and, therefore, Tm and Am.

However, higher PA concentrations (TA0.75SA0.05PA0.2 and
TA0.75SA0.PA0.25) increased the Tg, Tm, and Am. This effect on the Tg
could be a consequence of both the multiple functionalities of PA
and the increment in the crystallinity, which augment the restric-
tion in the polymer chain mobility. On the other hand, to under-
stand the increment on Am, it should be considered that the ionic
network synthesized using only PA (TA0SA0PA1) also presented
crystallinity but with a Tm at a lower temperature (72.8 �C)
compared to materials with TA. Note that for samples
TA0.75SA0.15PA0.1, TA0.75SA0.05PA0.2, and TA0.75SA0.PA0.25, the onset of
the melting peak happened at lower temperatures, similar to that
of the ionic network TA0SA0PA1 (Fig. 3B), resulting in broader phase
transitions.

X-ray diffraction (XRD) patterns confirm the semicrystalline
structure of these ionic networks, which present a high proportion
of amorphous content, denoted by a broad peak around 20�. In
addition, crystalline reflections are observed, some of which have a



Fig. 3. Differential scanning calorimetry curves corresponding to the first heating cycle and X-ray diffraction patterns of ionic networks based on tartaric acid, sebacic acid, and
Priamine™ 1071, without (A,C) and with phytic acid (B,D).
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narrow full-width half maximum, denoting the presence of small-
sized crystals (Fig. 3C and D). A similar XRD pattern can be observed
for most ionic networks, except for the sample synthesized from TA
and PA (TA0.75SA0PA0.25), which exhibited an important crystalline
reflection at 31.5�, which does not appear in the ionic networks
with only TA (TA1SA0PA0) or PA (TA0SA0PA1). There is no clear
explanation for this result, but we surmise that a new crystalline
structure could be formed due to hydrogen bonding interactions
between TA and PA. Evidence of these interactions was obtained by
the ATR-FTIR analysis of a mixture of TA and PA, which shows shifts
to lower wavenumber in the C¼O (1730 cm�1) and CeO (1150 and
1100 cm�1) stretching bands of TA, associated with hydrogen
bonding (Fig. S2 of the SI).

Crystallinity was estimated using the ratio between the area of
the main crystalline reflections and the total area of the peaks
(crystalline and amorphous), where the amorphous contributions
were chosen as the broader peaks. In order to deconvolve the
crystalline and amorphous areas, the commercial software Peak-
Fit™ was used. An example of the fitting procedure is shown in
Fig. S3 of the SI. According to this analysis, ionic networks present
crystallinity degrees between 20 and 42% (Table 1), depending on
their composition. These crystallinity degree values are consistent
with the Am values obtained by DCS.

Altogether, these results unveil that the crystallinity of the su-
pramolecular ionic materials can be modulated by breaking the
4

molecular regularity of the networks induced by the TA-promoted
hydrogen bonding interactions.

Next, the thermal stability of the supramolecular ionic networks
was analyzed by thermogravimetric analysis. All the synthesized
materials were thermally stable until 170 �C in air, showing similar
degradation profiles (Fig. 4), with temperatures at the maximal
decomposition rate (Td,max) ranging from 432 to 446 �C. The onset
of the degradation process of the ionic networks agrees with the
decomposition of SA and TA (Fig. S4 of the SI).

Moreover, the viscoelastic behavior of these ionic materials was
investigated by dynamic mechanical thermal analysis. The rheo-
logical functions storage modulus (G0), loss modulus (G00), and tan d
versus temperature are presented in Fig. 5 and Fig. S5 of the SI. For
TA1SA0PA0 and TA0.95SA0.05PA0 networks, a Tg (as a maximum in
tan d) can be observed at 56 and 46 �C, respectively, which was not
detected by DSC. Considering the Tg of TA0.75SA0.25PA0 (�26.8 �C)
determined by DSC, this phase transition follows an increasing
trend with the TA content, probably due to the promotion of
hydrogen bonding interactions. This result agrees with the increase
in the crystallinity at higher TA contents.

Curiously, TA0.95SA0.05PA0 showed an increase in G0 and G00

between 30 and 40 �C, close to the Tg detected as a peak in tan d
(46 �C), probably due to cold crystallization. We surmise that this
ionic network could have a wide Tg that is overlapped with the
cold crystallization process. To corroborate this hypothesis, a



Fig. 4. Thermogravimetric analysis curves of supramolecular ionic networks based on
tartaric acid, sebacic acid, and Priamine™ 1071.
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modulated DSC was performed (Fig. S6 of SI). Unfortunately, a Tg
could not be detected in the reversing signal, possibly due to the
high crystalline degree of this sample. However, the non-
reversing signal shows a small exothermal peak in the tempera-
ture range of 0e40 �C, which is consistent with a cold crystalli-
zation process.

A viscoelastic behavior with G' > G00 is observed at low tem-
peratures and above the Tg for each sample, but due to the su-
pramolecular nature of the ionic networks, all of them exhibited
a solid-liquid transition at higher temperatures. The transition
temperature from viscoelastic network to viscoelastic liquid (Tnl)
was defined as the temperatures at which G' ¼ G'' (Fig. 5 and
Fig. S5). Note that Tnl is associated with the extent of the net-
work's crystallinity since, in highly crystalline materials, Tnl
happens at higher temperatures. In addition, in materials with
high crystallinity, the transition is determined by the crystals
melting, which is observed by a fast decrease of both moduli in
the range of 120e140 �C, consistent with the Tm determined by
DSC.

However, in the ionic networks with low crystallinity, such as
TA0.85SA0.15PA0, TA0.75SA0.25PA0, and TA0.75SA0.15PA0.1, the solid-
liquid transition occurs at temperatures significantly lower than
the melting process.

Uniaxial compression tests were performed to characterize the
mechanical properties of the supramolecular ionic networks.
Fig. 6A and B present the compression stress-strain curves, and the
corresponding global values are summarized in Fig. 6C and D and
Table S2. The synthesized ionic networks showed a region of linear
elastic deformation followed by a plastic deformation region. Softer
5

materials were obtained at lower content of TA, showing a
decreasing tendency in the compressive modulus, yield strength,
and compressive strength at 35% of strain. For instance, the
compressive modulus decayed from z42 to 19 MPa and the yield
strength from z11 to 4 MPa for TA1SA0PA0 and TA0.75SA0.25PA0,
respectively. This behavior is attributed to the reduced extent of the
network's crystallinity at lower TA contents. In addition, the higher
amorphous fraction in samples with increased SA amount reduced
the elastic deformation region (i.e., lower yield strain). The effect of
the incorporation of PA can be appreciated as an increment in the
yield strength, yield strain, and compressive strength at 35% of
strain (Fig. 6C and D and Table S2), as a consequence of both PA
acting as a physical multifunctional crosslinker and the increase of
the network's crystallinity.

All in all, bymodulating the chemical nature and feeding ratio of
the natural acids, the crystallinity extent of the ionic networks can
be controlled, affording materials with proper mechanical
performance.

2.2. Supramolecular ionic networks for eutectogels design

Given the ionic and dynamic nature of the obtained supramo-
lecular networks, they could be appealing materials to support
ionic solvents, such as the emerging family of DES. As an example,
we explored the embedment of LiTFSI/NMA (1: 2) DES and evalu-
ated the performance of the resulting eutectogels as gel electrolytes
for lithium metal batteries. TA0.75SA0.25PA0 and TA0.75SA0.15PA0.1
materials were selected because they contain a higher amorphous
content, as high crystallinity could negatively affect ionic conduc-
tivity in solid polymer electrolytes.

Both ionic networks were doped with 10% of LiTFSI/NMA (1: 2)
DES (Fig. S7). The DSC results show a similar extent of crystallinity
compared to materials without DES and a slight increase in the Tg
(Table S3). These results do not fit with what is expected for low
molecular weight liquids plasticizing traditional polymer materials,
reducing their Tg and crystallinity degree. However, the ionic na-
ture of the network and DES could promote their interaction,
restricting the mobility of the polymer chains.

In addition, the Tnl determined by rheology was reduced to 65
and 62 �C for TA0.75SA0.25PA0 and TA0.75SA0.15PA0.1, respectively,
when 10 wt% of DES was incorporated (Fig. 7A and B). Interestingly,
softer ionic networks were obtained with lower compressive
modulus and strength (Fig. 7C and Table S2). Moreover, the DES-
doped ionic network presents good flexibility (Video S1 of the SI)
and can be bent while maintaining the deformed shape. Besides, it
is possible to return the ionic network to its original shape without
changes in its appearance (Fig. 7D).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.mtchem.2023.101525

The ionic conductivity of the membranes at room temperature
was determined by electrochemical impedance spectroscopy
measurements, and the results are summarized in Table S4. For
TA0.75SA0.15PA0.1 and TA0.75SA0.25PA0, the ionic conductivity
considerably increases up toz10�4 S/cmwhen DES is incorporated
due to the increase of ion carrier concentration from the lithium
salt addition. It is worth mentioning that these conductivity values
are in the same order of magnitude as the typically used com-
mercial Celgard 2325 (Table S4).

Then, symmetric Li-membrane-Li cells were assembled and
cycled at several current densities. The cell assembled with
TA0.75SA0.15PA0.1 shows no activity when a current is applied (Liþ

from the added electrolyte does not pass through the membrane).
Interestingly, the cell assembled with TA0.75SA0.15PA0.1-DES (10%),
which exhibits an improved ionic conductivity, can be cycled at
5 mA/cm2 (Fig. S8). Nevertheless, the potential profile is not

https://doi.org/10.1016/j.mtchem.2023.101525


Fig. 5. G0 , G00 , and tan d versus temperature for the supramolecular ionic networks TA1SA0PA0 (A), TA0.95SA0.05PA0 (B), TA0.85SA0.15PA0 (C), and TA0.75SA0.25PA0 (D).

Fig. 6. Compressive stress versus strain curves (A, B), compressive modulus and compressive strength (C), yield strength, and yield strain (D) of the ionic networks.
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Fig. 7. G0 , G00 , and tan d versus temperature for the supramolecular ionic networks TA0.75SA0.25PA0-DES (10%) (A) and TA0.75SA0.15PA0.1eDES (10%) (B). Compressive stress versus
strain curves of DES-doped ionic networks (C). Photographs showing the flexibility of DES-doped ionic networks deformed into an “S” shape, the network permanence in the
deformed shape, and its subsequent deformation to the original straight shape (D).

Fig. 8. Galvanostatic cycling of a symmetrical lithium cell assembled with
TA0.75SA0.25PA0 (red line) and TA0.75SA0.25PA0-DES (10%) (black line) membranes at
several current densities.
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symmetric for lithium deposition-dissolution, and the cell reaches
the potential limit quickly even for very low current density
(5e10 mA/cm2); therefore, this membrane was not suitable as a gel
electrolyte for metallic lithium.

TA0.75SA0.25PA0 and TA0.75SA0.25PA0-DES (10%) membranes were
also tested as gel polymer electrolytes in symmetric LieLi cells.
Both cells assembled with these membranes show typical potential
7

profiles at different current densities (Fig. 8). The cell assembled
with TA0.75SA0.25PA0 in the first cathodic cycle at 5 mA/cm2 shows
the peak associated with the formation of nucleation seeds leading
to lithium deposition [33e35]. For the next cycles, the potential
shows the typical shape for a metal lithium cell with two peaks
resulting from different kinetic pathways for reactions at the
electrode/electrolyte interphase [35], reaching the potential limit
during the cathodic scan. When the current increases to 10 mA/cm2,
the potential increases quickly for both anodic and cathodic cycles,
reaching the potential limit after a few minutes, and the galvano-
static process is terminated by voltage limitation instead of time
limitation. This increase in the voltage indicates a decrease in the
ion concentration on the surface, that is, TA0.75SA0.25PA0 cannot
deliver Liþ fast enough to enable the electrochemical reaction at
that current density. Instead, the cell assembled with
TA0.75SA0.25PA0-DES (10%) could be cycled at 5, 10, and 20 mA/cm2

without reaching the potential limit, and cycles are limited by po-
tential just when the current increases to 50 mA/cm2. These results
show a clear improvement when an amount of DES is added to the
membrane: TA0.75SA0.25PA0-DES (10%) can deliver Liþ to feed the
electrochemical reaction for higher current densities than mem-
brane TA0.75SA0.25PA0. Even more, the TA0.75SA0.25PA0-DES (10%)
cells show, at 5 mA/cm2, a square potential curve without peaking,
which indicates a more stable interface with an easier stripping/
deposition process.

The decomposition of the electrolyte at upper voltage
affects both the safety and the performance of Li-metal batteries;
therefore, it is necessary to have stable electrolytes at high po-
tentials. The electrochemical windows of TA0.75SA0.25PA0 and
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TA0.75SA0.25PA0-DES (10%) membranes were assessed by linear
sweep voltage (Fig. S9). Both cells show an oxidation process up
to 5.0 V and 4.5 V for membranes without and with DES,
respectively. Even after the maximum peak, they can cycle to
higher potentials without the occurrence of another oxidative
process.

Although there is still plenty of room for improving the elec-
trochemical performance of the eutectogels electrolytes, the in-
sights gained with this proof of concept are quite encouraged, and
future research efforts should be devoted to maximizing ionic
conductivity and current density.

3. Conclusions

A set of fully biobased ionic networks were synthesized,
combining SA, TA, PA, and Priamine™ 1071 at different mole ratios.
It was demonstrated that incorporating SA (TA0.75SA0.25PA0) and
low PA contents decreases the Tm and crystallinity of the final ionic
network, affording materials with excellent mechanical perfor-
mance. All the ionic membranes were thermally stable until 170 �C
in air and showed network-to-liquid transitions between 75 and
127 �C, finding a direct correlation between crystallinity and this
phase transition. The ionic character of these supramolecular net-
works turns them into exciting platforms for hosting DES toward
the rational design of dynamic eutectogels. As proof of this, the
TA0.75SA0.25PA0 networkwasmiscible with a lithium-based eutectic
mixture, opening the gate to explore its potential as a polymer gel
electrolyte in symmetric LieLi cells. The eutectogel membranes
showed a promising working performance although with a limited
current density.

Altogether, these results unveil the potential of the bioderived
ionic networks as DES-supporting scaffolds, opening the doors to
investigating an endless number of eutectic mixtures to develop
innovative dynamic eutectogels.
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