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ABSTRACT: Herein we demonstrate 3D printing of an elastomeric imidazolium polyamide-ionene which exhibits intrinsic
shape-memory (SM) and self-healing (SH) character, reporting optimized printing conditions and rheological properties. This
study shows the suitability of this material for 3D-printing via fused deposition modeling. The 3D-printed objects retain elas-
ticity and shape memory when external force is applied, and the elastomeric character is quantified via mechanical testing.
This work highlights the benefits of SH behavior as a design feature combatting inherent material weaknesses or insufficient
adhesion at seams and layer junctions. DFT calculations confirmed the importance of ionic interactions and H-bonding in the

healing process.

Introduction

3D-printing has garnered significant attention by
researchers and industry due to benefits including faster
production, customizability of design and material, mini-
mized waste, high precision, energy efficiency and cost-ef-
fectiveness. The utility of 3D-printing technology has been
demonstrated in diverse applications within biological
(i.e. biotechnology, drug delivery, hydrogels) and chemical
(i.e. separations, catalysis) industries. While additive man-
ufacturing technologies have advanced and expanded to
include processing of metals, biomaterials, ceramics, con-
crete, and various composites, polymers dominate as the
foundational feedstock for 3D-printing due to the tunabil-
ity of physical properties, functional flexibility, reactivity
suitable for heat or UV-assisted curing, and amenability to
form composites.! 2

Fused deposition modeling (FDM) is one of the
most common 3D-printing processes, which relies on ma-
terial heating and extrusion via layer-by-layer deposition,
rather than photochemical or laser-induced fusion. It is
known that FDM methods impart certain disadvantages,
including warping, weakness caused by stress at seams,
and decreased bonding strength between adhered layers.
These mechanical issues can be combatted through the
use of functional materials which have a higher affinity for
fusion and layer adhesion. Thus, additive manufacturing
research has gravitated toward the use of stimuli-respon-
sive, smart materials, coined as “4D-printing”, since 3D

printed products consequently exhibit autonomous be-
havior as a function of time related to the nature of the
stimuli3-> For instance, polymers possessing shape-
memory (SM) and self-healing (SH) character present a
potential solution to the aforementioned mechanical
weaknesses, as retention of complex designs is imperative
and directionally induced defects or weaknesses resulting
from layer-by-layer deposition-based printing techniques
are ameliorated by this material fusion response.

These complex SM and SH phenomena, driven by
particular chemical and structural features, have been ob-
served and studied in polymeric materials and composites
for decades, and are attributed to dynamic bonding or
complex intermolecular interactions (i.e. H-bonding, ionic
interactions) ¢°. Polyamides, polyureas, and polyure-
thanes have exhibited SM and SH features resulting from
the regular H-bonding forcing coordination and alignment
between chains.10-1* Polyelectrolytes, ionomers, and
ionenes have also been designed to harness these features,
due to the strength of ionic interactions coordinating
chains.15-20

While SM polymers are more common than SH
polymers, very few examples of 3D-printing SH polymers,
composites, or elastomers have been reported. Works
from Long’s group have discussed the design of ionic and
elastomeric polymers for 3D printing?!-23. Several groups
have investigated 3D-printing of SH polymers using stere-
olithography (SLA), digital light processing (DLP), or
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direct in write (DIW) techniques. However, these exam-
ples are all reliant upon crosslinking or dynamic bonding
interactions (i.e. Diels-Alder, disulfide chemistries) 242526
2728-30_ Additionally, most of these systems which possess
SH characteristics involve complex, multicomponent poly-
meric composites rather than an intrinsically self-healing
homogenous polymeric material suitable for extrusion
based printing 31-34,

Contributing to limited homogenous SH materi-
als in literature suitable for 4D-printing, O’'Harra and Bara
recently introduced a series of imidazolium polyamide
(PA) ionenes which exhibited excellent, rapid SM and SH
behavior at room temperature (hastened at elevated tem-
peratures), resulting from a balance of combined intermo-
lecular forces or chain alignment (Scheme S1)° 11.35, Addi-
tive manufacture of ionic polymeric materials has un-
doubtably been of interest, due to the potential applicabil-
ity of composites as soft actuators or in batteries and elec-
tronics3¢-41, lonenes, polymers which incorporate ionic
moieties directly within the backbone rather than pendant
to the main chain, allow for a great degree of tunability
with respect to charge spacing and tolerance to other func-
tionality#2. Moreover, anion metathesis to the Tf2N- form
yields a robust, hydrophobic elastomer with intrinsic SH
and SM behaviors® 113543, This SH behavior was observed
through the healing of cuts or punctures. The SM quality,
or areturn to some initial shape when an external stimulus
is applied and then removed (i.e. torsion, folding, molding,
tension, compression, imprint), was also observed
through manipulation of these bulk PA ionenes. The alter-
nating ionic moieties and H-bonding sites within the ter-
ephthamide segments contribute to the distinct thermo-
physical properties observed in this set of PA ionenes.

Here, we report the first demonstration of 3D-
printing of a neat, homogenous ionic elastomer using dep-
osition techniques. These methods allow for the efficient
processing of this thermally stable PA-ionene, which re-
tains SH and SM features post-printing. It should be high-
lighted that the synthesis of these homogenous, functional
ionenes is straightforward and scalable, and requires inex-
pensive, commercially available reagents. The simplistic
preparation of this functional ionene via conventional yet
tailorable synthetic methods reveals the potential and
tunability of ionene derivatives as candidates for 4D print-
ing, without the excessive cost or complexity associated
with composites possessing comparable SH and SM prop-
erties for high-impact applications. The rheological behav-
ior is studied to guide development and optimization of
additive manufacturing conditions, as the intricacies of
structured or aligned domains and contributions of inter-
molecular interactions necessitate defined, controlled
processing. Another benefit of this feedstock is the poten-
tial for environmentally-friendly fabrication, as this io-
nene and similar polyurea ionenes were successfully syn-
thesized from PET wastes, demonstrated in our recent
work.? We took advantage of the outstanding SH ability of
this PA ionene to assemble 3D printed 2D parts, subse-
quently constructed into neat 3D complex geometries.

It is imperative before printing any polymeric
material to collect information about the thermal transi-
tions and flow behavior of the material. These experiments

impart guidance regarding printing temperature together
with the rheological analysis in understanding material
flow and optimization of printing speed and pressure. To
do so, the material properties of the [TC API pX][Tf:N] io-
nene were characterized. Mechanical tests were per-
formed following printing, to determine the retention of
elastomeric behavior and alignment effects. Tensile prop-
erties were tested to check the ductility of the material af-
ter printing and to better understand the influence of
printing orientation. The resultant process and optimiza-
tion of printing procedures is discussed. Demonstrations
of printing and products are included. The retention of SH
behavior is shown by the union of different 2D-printed
parts (with interlocking “teeth”) to build a dodecahedron
which could hold the assembled 3D shape. This confirms
that the material does not lose the SH property after print-
ing, and autonomously fuses the seams and gaps between
extruded lines and layers.

The PA-ionene used in this work, denoted [TC
API pX][Tf2N], was introduced and synthesized in our pre-
vious works 1135, This involved the condensation of ter-
ephthaloyl chloride (TC) and 1-(3-aminopropyl)imidazole
(API) to form an amide-containing bis(imidazole), which
was subsequently polymerized with para-dichloroxylene
(pX) via the Menshutkin reaction, followed by anion me-
tathesis to the bistriflimide form (Tf2N) (see Scheme S1).

An Envisiontec 3D Bioplotter and an Allevi 3 3D
Bioprinter were utilized with a high-temperature extru-
sion head. Rheological studies were performed utilizing
ARG2 TA Instruments rheometer with a parallel plate fix-
ture 25 mm in diameter. Thermal characterizations were
carried out utilizing a Q200 DSC (TA Instruments) at a rate
of 5 or 10 °C/min under a nitrogen atmosphere of 50
mL/min, DSC 2920 and thermogravimetric analysis (TA
Instruments) was performed under oxygen atmosphere of
20 ml/min. Tensile tests were performed using an Instron
5565 testing machine with a 500 N maximum loading and
a crosshead displacement rate of 5 mm min-1. The me-
chanical properties of the specimens were measured at 21
*2°Cand 50 £ 5 % relative humidity (RH) following ASTM
D 638. The mechanical properties reported for each mate-
rial correspond to average values of five experiments.

Structural and functional characterizations
(NMR, IR, MS) for this ionene were reported previously3>
4 To demonstrate that high-molecular weight polymer
suitable for 3D printing was produced, MALDI-TOF MS
analysis was used to quantify the number average molec-
ular weight (Mn) of 81 kDa (Xn ~ 78 repeat units). The
thermal transitions and behaviors were studied using Dif-
ferential Scanning Calorimetry (DSC), and thermogravi-
metric analysis (TGA). This PA-ionene exhibits two glass
transition temperatures (Figures S2-4). While uncommon,
two glass transitions have been observed in some polyam-
ide, polyureas, and ionic polymers*>+7. The Tg1endotherm
is broad and may be due to initial relaxation of structured
or aligned domains where intermolecular forces have im-
parted self-assembly. These ionenes are complex and are
organized by the combination of H-bonding, ionic, and
stacking (m-m, t-cation) interactions. Alternatively, it may
be indicative of anion mobility since the Tf2N- anion is
large and constitutes a significant mass/volume fraction
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of the polymer matrix, contributing more weight given the
ratio of the cationic backbone (RU = 484.603 amu) the
paired anions (2 Tf2N-per RU, 560.272 amu). The primary
Tg2 endotherm occurs at 55 °C.

TGA demonstrated the thermal stability of this
ionene, with a high decomposition onset temperature
(Td,onset) of 370 °C (Figure S5). Despite drying of the sample
at 100 °C in a vacuum oven, some mass loss was a result
trapped water or NMP solvent within the ionene. Addi-
tional support for the thermal stability was studied by
monitoring mass loss as a function of time, showing high
mass retention at elevated temperatures, as > 92.5% of
mass remained when the ionene was held for 300 minutes
at temperatures ranging from 90 - 120 °C (Figure S6).

In addition to the thermal properties, the rheo-
logical properties of the material must be defined prior to
the printing process. Several rheological experiments
were performed in order to investigate the material flow
in the printing nozzle (Figure 1). Shear thinning behavior
was observed for this PA-ionene, as evidenced by the log-
log plot of viscosity versus shear stress at 90 °Cand 110 °C
Figure 1D). It should be mentioned that the low viscosity

values at 110 °C enable the material printing in our exper-
imental setup 8. In addition, we studied the material con-
solidation by Small Amplitude Oscillatory Shear (SAOS)
experiments at different temperatures (Figures 1A-C). To
do so, we selected a frequency of 1 Hz, as it can be consid-
ered the reciprocal of the typical adhesion time in 3D
printed processes*?. As shown, the polymer exhibits more
viscous then elastic behavior (G’ over G”) at high temper-
atures (i.e. 110 °C). However, as the temperature de-
creases, the material behavior changes to a more predom-
inant elastic behavior (G’ over G”). The intersection of G’
and G” falls at 70 °C, above which the molecular dynamics
promote polymer interdiffusion amongst consecutive lay-
ers 50, The temperature was 90 °C for Figures 1A-B; the
strain amplitude of Figures 1B-C was 1 Hz and these
graphs were made in oscillatory mode (Strain: 1x10-4 to
10), and lastly Figure 1D was prepared in continuous
mode (flow procedure, shear stress from 100 to 0.1) with
a strain percent of 1%.
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After evaluating the rheological properties, tensile
testing of [TC API pX][Tf2N] was performed utilizing an
ASTM standard “dog bone” which was 3D printed, as shown
in Figure 2B-C. The goal was to determine the retention of
elastomeric behavior and directional chain alignment ef-
fects from extruding the material. In order to print the ma-
terial, an Envisiontec 3D Bioplotter was utilized. This al-
lowed for precise control of temperature and pressure driv-
ing extrusion and material flow (Figure 2A). Tensile prop-
erties were tested to check the ductility of the material after

Shear Stress (Pa)

printing. The printing orientation was alternated (0° and
90°) for the “dog bone”, which can be seen in Figures 2B-D.
Aided by the fusion of the material layers, the segments per-
pendicular to the stress direction held up to an elongation
of 445%, thus the elastic character was retained. In com-
parison to the neat ionene, the printed bar was amenable to
greater elongation but exhibited a lower modulus?!?. Calcu-
lations yielded a Young’s Modulus of 1.98 MPa and tensile
toughness of 1851 J/m3 (Table S1). To probe the effects of



printing orientation on SH, bars with unilateral printing ori-
entations (0° or 90°) were tested to better understand the
effects of alignment and interlayer adhesion. These samples
were investigated using SEM and tested as printed or with
amidpoint full cut (perpendicular to the direction of stress),
which were allowed to heal for 72 h (Figure 3D/G, 4C, S9).
Printing solely at a 0° orientation (i.e. perpendicular to the
direction of stress), an elongation at break of 400% could
still be obtained. This only decreased to 375% for the sam-
ple which possessed an inherently weaker seam due to the
cut which was parallel to the infill orientation and allowed
to self-heal. Printing solely at a 90° orientation (i.e. parallel
to the direction of stress), an increased elongation at break
of 600% could be achieved, plausibly due to enhanced elas-
tic behavior contributed by the aligned infill. A decrease to
a 400% elongation at break was observed when the sample
had been cut at the midpoint and allowed to self-heal at the
seam for 24 h, however, the break occurred near the
clamped edge rather than at the defect/cut and healed mid-
point.
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Rheological and thermal characterizations aided in
optimizing flow and printing speed. These printing param-
eters are summarized in Table S2.

Additional qualitative support for the SH and SM
behavior of this ionene when subjected to shape manipula-
tion, puncture, compressive, tensile, or torsional stresses is
included through several demonstrations (Video S1). Figure
3 highlights the SH performance of the ionene, with SEM im-
ages captured following 24 h at RT, to represent the inter-
face characteristics of an extrusion-based, 3D printed mate-
rial. The fusion and interlayer adhesion of the PA ionene
was observed through the erasing of seams in varied geom-
etries (Figure 3A) through sheet and fiber layering (Figure
3B-(C), coiling (Figure 3E), and precise slicing of the ionene
with a razor blade (Figure 3F). Comparison of cleanly cut
seams and the adhesion of interlayer gaps is shown in Fig-
ures 3D/G, 4C, S9. PLM images were also obtained, exhibit-
ing the healing of seams in a cut ionene film (Figure S7) and
the effects of chain alignment which occur upon extrusion
or tensile stresses resulting in induced opacity and unidi-
rectional ordering (Figure S8).
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Figure 3. [A] Representation of SH demonstration geometries; [B] cross-section via SEM of stacked, 6-layer cross-section via SEM of
fused ionene; [C] cross-section via SEM of fused fiber; [D] cut perpendicular seam at edge of a self-healed 3D-printed bar; [E] top
view via SEM of fused twist; [F] top view via SEM of sliced ionene; [G] cut seam and healed interlayer gaps within a 3D-printed bar.



In addition to the alternating “dog bone” and the
unilaterally printed 3D bars for tensile testing, one particu-
larly influential area to employ SH materials is the manufac-
turing of 2D parts which can later be assembled into their
final 3D geometry. This could make shipping volumetrically
efficient, reducing environmental impact (Figure 4). To em-
phasize the SM and SH behaviors, several pentagonal ob-
jects were printed with notches around the periphery.
These were subsequently assembled into halves of a dodec-
ahedron. After 24 h, the PA-ionene had fused and healed,
and the seams located at the interlocking notches disap-
peared. The full dodecahedron geometry was retained upon
assembly, while the lines between the “teeth” forming the
junctions became smoother. Figure 4 depicts these printed
building blocks and the resultant structures.

In order to gain insight into the unique SH behavior
of PA-ionenes, we have performed molecular dynamics
(MD) simulations to study the nature of the H-bonding in
this material. The structuring and interactions between io-
nene chains are influenced by the combination of intermo-
lecular interactions, which dictate the SM and SH features.
Table 1 summarizesthe numerical analysis of the H-bonding
data collected.

Table 1. Number of hydrogen bonds (nHB) between domains of the
polymeric chain and percentage of interactions in brackets.

Interacting Segments nHB (%)

Imidazolium 1386924 (40.96)
Tf2N Terephthalamide | 1167687 (34.48)

Xylene 196508 (5.80)

) Imidazolium 261207 (7.71)

Terephthalamide

Xylene 30643 (0.90)
Imidazolium Xylene 7449 (0.22)

Three domains are defined in the polymeric chain
to analyze the non-covalent interactions in the material, to-
gether with the Tf2N anion, namely, imidazolium, tereph-
thalamide and xylene (see Figure 2C).

The highest number of hydrogen bonds is estab-
lished by the anion (Tf2N), as expected considering that it is
a mobile molecule that can interact with the surroundings.
Thus, the H-bonding of Tf2N with the cationic part of the
chain (imidazolium) accounts for 40.96% of total interac-
tions, since in each repeating unit there are two cation-an-
ion pairs and the ionic interaction maintains the proximity
of these units, favoring the formation of hydrogen bonds.
The second largest value corresponds to the interaction be-
tween Tf2N and the terephthalamide domain of the chain
(34.48%), due to the presence of N-H groups, prone to form
hydrogen bonds. The hydrogen bonds established with the

xylene domain amount only 5.80% of the total, since there
are no moieties susceptible to interact effectively via H-
bonding.

The lowest values correspond to the interactions
among the three domains of the chain (terephthalamide, im-
idazolium and xylene), which suggest that the intermolecu-
lar interactions take place by means of the anions with the
surrounding chains.

In order to further analyze the non-covalent inter-
actions in the material, density functional theory (DFT) cal-
culations have also been performed in a small model con-
sisting of two repeating units. The interaction energy of
these two chains is -120.23 k]-mol-, a high value comprised
of electrostatic, hydrogen bonding, and =-r stacking inter-
actions in cooperation. Thus, inspecting the nature of the H-
bonding in the system, Tf2N may establish hydrogen bonds
mainly with the sulfonyl group, and rather short S=0---H-N
distances are observed (between 1.930 and 1.980 A). Fur-
thermore, H-bonding is also observed between trifluorome-
thyl groups (CF3) and amide (N-H) moieties of tereph-
thalamide. This suggests rather strong H-bonding interac-
tions. Finally, weak m-n stacking interactions are expected
due to the intricate network with a high degree of entangle-
ment, as a consequence of the H-bonds. Thus, the probabil-
ity to find benzyl rings close enough and in a proper confor-
mation to interact is small. In summary, the SM and SH fea-
tures in these systems may be ascribed mainly to the H-
bonding interactions of Tf2N anions with the surrounding
chains, reinforced by the electrostatic interactions with the
imidazolium moiety. This computational work is high-
lighted in Figure 5, and specific computational details are
included as supporting information.

Conclusions

We have demonstrated processing of a neat, ho-
mogenous PA-ionene via deposition-based 3D-printing and
shown that SM and SH behavior is retained. Computational
analysis was reported to illustrate the relative contributions
of ionic, H-bonding, and stacking interactions which influ-
ence these behaviors. The thermal and rheological proper-
ties were probed in order to optimize printing conditions, as
well as gain a better understanding of material flow and
stimuli response. This work highlights the importance of de-
signing smart, high-performance polymers which possess
SH and SM behavior simply though structural features with-
out the requirement of fillers or multiple components. Fo-
cusing on dynamic behaviors in the design of polymers for
additive manufacturing may pave the way for combatting
inherent weaknesses in layer-by-layer 3D-printing, without
sacrifice of homogeneity and desirable thermophysical
properties.
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Figure 4. CAD depictions [A] and 3D-printed pentagon parts [B] with interlocking teeth, constructed into a dodecahedron. The
seams at each joint was shown to heal within 24 h, and the combination of each half into a 3D-geometry demonstrated self-healing
and shape retention for several days. [C] Printed bars with purely 0° or 90° infill orientations over time, highlighting retention of
resolution and effects on tensile properties. As a result of altered adhesion at interlayer seams and healed interfaces after cutting
perpendicular to the direction of stress, elongation at break and strength was affected.



Figure 5. Simulation images highlighting [A] repeat unit conformation, [B] C-F-:-H-N interactions, and [C] S=0-:-H-N interactions.
Atoms are distinguished by the following coloration scheme: C (orange), H (gray), N (green), O (red), S (yellow), F (teal).
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Supporting Information. Additional thermal or structural
characterization plots and printing condition details are in-
cluded as Supporting Information. Demonstration videos qual-
itatively and quantitatively highlighting the SH and SM behav-
iors (via shape modifications, puncture or cut defects, or from
compressive, torsional, and tensile stresses on samples with
unilateral printing orientations) have been prepared and in-
cluded as Supporting Information. This material is available
free of charge via the Internet at http://pubs.acs.org.”
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