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The microscopic mechanism accounting for the self-healing attribute of aromatic ionene-forming hydrogels
derived from 1,4-diazabicyclo [2.2.2]octane (DABCO) and N,N’-(x-phenylene)dibenzamide (x = ortho-/meta-/
para-) is unknown. Interestingly, the self-healing property of such DABCO-containing hydrogels is largely
dependent on the polymer topology, the ortho ionene being the only self-healable without adding oppositely
charged species. In this work, Molecular Dynamics (MD) simulations have been conducted to evaluate the in-
fluence of the topology on ionene--ionene and ionene--water interactions, as well as their effect on the self-
healing behavior. For this purpose, destabilized and structurally damaged models were produced for ionene
hydrogels with ortho, meta and para topologies and used as starting geometries for simulations. These models
were allowed to evolve without any restriction during MD production runs and, subsequently, the temporal
evolution of ionene---ionene and water---ionene interactions was examined. Analysis of the results indicated that
the ortho-isomer rapidly forms unique interactions that are not detected for other two isomers. Thus, in addition
to the interactions also identified for the meta-and para-ionenes, the ortho-isomer exhibits the formation of strong
intermolecular three-centered (N-)H---O (=C)---H (-N) hydrogen bonds, intramolecular planar sandwich z-n
stacking interactions and Cl ---N" electrostatic interactions. Furthermore, the amount of intermolecular n-r
stacking interactions and the strength of water---polymer interaction are also influenced by the topology, fa-
voring the stabilization of the ortho-ionene reconstituted hydrogels. Overall, the arrangement of the functional
groups in the ortho topology favors the formation of more types of ionene---ionene interactions, as well as
stronger interactions, than in the meta and para topologies.

1. Introduction

Polyelectrolytes in which the charged moiety (typically a quaternary
ammonium cation) resides within the polymer backbone rather than on
pendant group are called ionenes or ionene polymers [1]. In ionene
polymers, the charge is high relative to other polycations and charge
periodicity is easily controlled through the chemical structure. Ionenes
are used in several important applications, as for example as gelators
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[2-5], antimicrobials [6-9], components for organic electronics
[10-12], and catalysts [13-15].

A particularly interesting family of ionene-forming hydrogels was
derived from 1,4-diazabicyclo [2.2.2]octane (DABCO) and N,N’-(x-
phenylene)dibenzamide (x = ortho-/meta-/para-) [3]. As shown in
Scheme 1, three different topologies, which correspond to the ortho-,
meta- and para-substitution patterns, can be defined in these com-
pounds. Previous experimental studies supported by computer
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Scheme 1. Chemical structure of the ionenes derived from DABCO and N,N’-(ortho-phenylene)dibenzamide (o-ionene), N,N’-(meta-phenylene)dibenzamide (m-

ionene) or N,N’-(para-phenylene)dibenzamide (p-ionene).

simulations demonstrated that the self-assembly and hydrogelation
properties of such DABCO-containing ionenes are related with their
topology [3,16], which defines the separation among positive charges
groups as well as of the position of the moieties able to participate in
hydrogen bonding and n-r stacking interactions.

The topology of these polymers defines their self-assembly properties
in both pure water [2] and in aqueous solutions with different acidic pH
and ionic strength [16]. In all cases the ortho-ionene (hereafter o-ionene)
showed higher gelation ability (i.e. lower critical gelation concentration,
higher gel-to-sol temperature and faster gelation) than the meta- and
para-isomeric ionenes (m-ionene and p-ionene, respectively) [2,16]. This
was attributed to the capacity of the o-ionene in forming specific
intermolecular interactions (ie. hydrogen bonds and N-H.--rm in-
teractions), distinctive zn-m intramolecular interactions, and to the
binding action of Cl™ counteranions stabilizing polymer---polymer in-
teractions [2,16]. In the last years, several technological applications
have proposed for these DABCO-containing ionenes. For example, they
have been proposed as efficient systems for dye removal [17], as charge
transfer catalysis [18], and as dopant agents for the electrodes of
supercapacitors [19,20]. In addition such systems were found to exhibit
a non-cytotoxic behavior [21].

In a very recent work, Diaz and coworkers [22] showed that the
topology of the aromatic core determines the self-healing properties of
o-, m- and p-ionene. The o-ionene displayed greater shape-persistent,
self-standing and self-healing properties than the m- and p-ionene.
Indeed, macroscopic self-healing capacity, which was observed imme-
diately after cutting the hydrogel without the need of adding oppositely
charged species, was only proved for the o-ionene. In this work we
extend the rational of our previous studies, in which we established the
relationships between the structure and properties of this family of
hydrogels at the microscopy level [2,16,19,20], to the self-healing ca-
pacity. For this purpose, the self-healing of o-, m- and p-ionene has been
studied using computer Molecular Dynamics (MD) simulations at mo-
lecular level using all-atom models. It should be remarked that, to the
best of our knowledge, the self-healing mechanism of hydrogels was not
studied before using atomistic computer simulations. Within this
context, the utilization of modern computational approaches, like
atomistic MD simulations, can be considered as important tools to
investigate the molecular mechanism of self-healing process for small
polymers. More specifically, the simulations reported in this work pro-
vide important information about the interactions involved in the
self-healing of o-, m- and p-ionene that, a priori, can hardly be obtained
experimentally.

2. Methods

Molecular models used to simulate the reconstitution of o-, m- and p-
ionene hydrogels were prepared using a strategy that is described in the
next section. MD simulations with such models, which contained more
than a half million explicit atoms, were performed using NAMD 2.7
program [23]. MD is a computational tool that can capture
time-dependent conformational changes at various conditions by
calculating inter-atomic forces through solvent Newton’s second law.
More specifically, the atoms and molecules are allowed to interact for a
fixed period of time, giving a view of the dynamic evolution of the
system. Interactions are evaluated using a classical force-field with the
corresponding force-field parameters.

All ionene parameters were extrapolated from AMBERO3 libraries
[24] with exception of the partial charges, which were taken from our
previous work [3]. Water molecules were represented using the TIP3
model [25]. van der Waals interactions were computed using an atom
pair cut-off distance of 14.0 A. In order to avoid discontinuities in the
potential energy function, non-bonding energy terms were forced to
slowly converge to zero, by applying a smoothing factor from a distance
of 12.0 A. Electrostatic interactions were extensively computed by
means of Ewald summations. The real space term was defined by the van
der Waals cutoff, while the reciprocal space was computed by interpo-
lation into an infinite grid of points (particle mesh Ewald) with
maximum space grid points being 1.0 A [26]. Bond lengths were con-
strained using the SHAKE algorithm [27] with a numerical integration
step of 2 fs

After generation of starting geometries for the three ionenes using
the strategy described in the next section, the whole systems were
equilibrated and thermalized using the following four-step protocol: (1)
8000 steps of energy minimization using the Newton Raphson method
but keeping fixed the polymer chains; (2) 2 ns NVT MD at 500 K; (3) slow
reduction of the temperature (10 ps/K) from 500 to 298 K using NVT
MD; and (4) 3 ns of NPT MD. The resulting structures were the starting
point of 150 ns of NPT MD simulations, in which all atoms of the system
were allowed to be mobile. For these productions runs, the pressure
control was performed by means of the Nose-Hoover [28] piston com-
bined with the piston fluctuation control implemented for Langevin
Dynamics [29] for the temperature control. Pressure was kept at 1 atm,
the oscillation period was set at 0.2 ps while the decay time was set at
0.06 ps The piston temperature was set at the same value as the ther-
mostat control, 298 K, which used a damping coefficient of 1 ps~>.

Optical microscopy images were taken from the hydrogel made of o-
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Scheme 2. Strategy used to construct the starting geometries for MD simulations.

ionene (7.5% w/v). A thin hydrogel film was formed on a glass micro-
scope slide and the surface was damaged with a cutter. The self-healing
process was monitored over 24 h.

3. Results and discussion

Atomistic MD simulations mimicking the experimental conditions
typically used for studying the self-healing capacity of hydrogels are

limited by the length-and time-scales of such macroscopic assays. These
frequently consist on the following steps [22,30]: 1) a pristine hydrogel
sample (i.e. a cylinder or a strip) is cut in half; and 2) the two-halves are
simply brought into contact and, if required, restorative liquid (e.g. pure
water or an electrolytic aqueous solution) is contacted on the cut surface
(e.g. by dropping or by immersion). After standing for a period of time,
which can extend from a few minutes to some hours, the healed sample
can be stretched without damage. Obviously, processes associated to

Fig. 1. Snapshots recorded at the beginning (¢t = 0 ns), in the middle (t = 75 ns) and at the end (t = 150 ns) of the production trajectories for o-, m- and p-ionene.
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Fig. 2. Temporal evolution of: (a) the total radius of gyration (Rg 1), which is calculated considering all the atoms of all polymer chains, for o-, m- and p-ionene
hydrogels. The dashed line indices the time period (last 30 ns) used to obtain the average values (see text); the molecular radius of gyration (Rg;) for each (b) o-
ionene, (c) m-ionene and (d) p-ionene chain. The black line corresponds to the averaged molecular radius of gyration; and (e) comparison of the averaged molecular

radius of gyration (Rg q,») and the corresponding standard deviation (thin and

macroscopic cuts and healing processes that take at least several minutes
are out both the length- and time-scales of molecular simulations.

In order to overcome the aforementioned limitations a strategy,
which is sketched in Scheme 2, has been engineered to compare the
behavior of the o-, m- and p-ionene hydrogels when reconstituting. We
started from the last snapshot recorded from production MD simulations
reported on a recent study [19], which was devoted to study the influ-
ence of ionene topology on composites formed by ionenes and n-doped
poly (3,4-ethyelenedioxythiophene) (PEDOT). Such trajectories were
performed considering atomistic models formed by 48 PEDOT chains,

thick lines, respectively) calculated for o-, m- and p-ionene.

each having 40 repeat units, and 32 ionene (o-, m- or p-ionene) chains,
each containing 6 repeat units. The size of the simulation box was 242 x
161 x 192,172 x 214 x 164 and 182 x 214 x 168 A3 for the o0-, m- and
p-ionene containing system, respectively [19]. Then, all PEDOT chains
(step i) in Scheme 2) as well as the four ionene chains involving the
greater number of intermolecular ionene:--ionene interactions (step ii)
in Scheme 2) were removed from the simulation box. This caused not
only a drastic destabilization of each system but also an important
change in the structure and radial density profile of the 28 remaining
ionene chains. Then, 336 chloride anions (i.e. 28 remaining ionene
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Fig. 3. For the (a) o-, (b) m- and (c) p-ionene: Radial distribution functions for water---ionene interactions (gwat-wat) calculated at the beginning, middle and end of the
production trajectories. (d) Snapshots illustrating the redistribution experienced by the water molecules closer to the ionene chains with increasing simulation time.

chains x 6 repeat units per chain x 2 positive charges per repeat unit)
and water molecules (i.e. 215382, 180,034 and 186,563 water mole-
cules for the o-, m- and p-ionene, respectively) were added to the
simulation box avoiding any overlap with the polymer atoms (step iii) in
Scheme 2). It should be remarked that size of the simulation boxes was
maintained at the aforementioned values along the whole process, the
resulting systems involving a total of 675,374, 551,330 and 550,977
explicit atoms for the o-, m- and p-ionene, respectively.

NVT MD simulations using protocol described in the Methods section
were used to bring the systems at 298 K, which remained constant
during the production runs due to the coupling to the heat bath. After
thermalization and equilibration, production NPT MD trajectories were
run up to reach 150 ns In order to ensure the reproducibility of the
tendencies discussed in this work, all simulations were performed in
duplicate varying the starting points by changing 2 of the removed
ionene chains. Results were very similar for the two sets of simulation
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run for each studied ionene.

Fig. 1 compares the snapshots of the examined ionenes just after
equilibration and thermalization (beginning of the production run) and
after 75 and 150 ns In all cases, the structure evolves from a heteroge-
neous but relatively compact arrangement of ionene chains surrounded
by water molecules to an open structure with water molecules occu-
pying the regions between neighboring chains. The redistribution of
ionene chains and the penetration of the water molecules is accompa-
nied by a change in the size of the simulation box. At the end of the
production run the size of the simulation box was 330 x 118 x 170, 208
x 124 x 213 and 203 x 160 x 177 A3 for the o-, m- and p-ionene,
respectively, which represent a volume contraction of 11.5%, 9.0% and
12.1% with respect to the initial value. Another important feature is the
contact among neighboring ionene chains is apparently preserved in the
open structures reached by the three systems, which has been attributed
to the formation of specific interactions.

The structural transformation undergone by ionene aggregates is
clearly evidenced when the temporal evolution of the total radius of
gyration (Rg 1), which is defined as the radius of gyration calculated
considering the atoms of all polymer chains, and the radius of gyration
of individual ionene chains is analyzed (Rg,i). As shown in Fig. 2a, the Rg,
1 of the three ionenes grows progressively until reach stable values at
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Fig. 5. For the o-, m- and p-ionene (left, middle and right, respectively): (a) radial distribution functions for intermolecular N-H---O hydrogen bonding interactions
(calculated using H-O pairs; gny...0); (b) radial distribution functions for intramolecular n-n stacking interactions (calculated Xcy,—Xem, where X, refers to the center
of masses of the aromatic rings; gx.xintra); and (c) radial distribution functions for intermolecular n-n stacking interactions (calculated X.m—Xcm, Where X, refers to
the center of masses of the aromatic rings; gx.r inter). In all cases the radial distribution functions were calculated considering snapshots recorded at the beginning (t =
0 ns), in the middle (¢t = 75 ns) and at the end (t = 150 ns) of the production trajectories.
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Fig. 6. Optical microscopy images showing the self-healing of a film hydrogel prepared with o-ionene (7.5% w/v). The damaged area (blue arrows) fully regenerated
after 24 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

around 100-120 ns, depending on the topology. The average value ob-
tained considering the last 30 ns of the production run is 94.8 + 0.5,
77.8 £ 0.5 and 68.2 + 0.9 nm for the o-, m- and p-ionene, respectively.
Compared with the values at the beginning of the production MD, such
averages represent an increment of 82%, 59% and 53%, respectively.
Instead, inspection of the evolution Rg; for the 28 ionene chains (i =1 to
28) indicates that the individual polymer molecules do not undergo
drastic changes in the shape, as is clearly evidenced in Fig. 2b-d. This
observation is independent of the ionene topology, indicating that all
these systems are relatively rigid from a molecular point of view.

Fig. 2e compares the temporal evolution of average Ry ; values and
their corresponding standard deviations, which supports the previous
statement. The standard deviations are similar for the three ionenes,
indicating that the lack of molecular flexibility is not influenced by the
topology. The molecular Rg for the simulated polymer chains, which
contain 6 repeat units, is 17.8 + 3.1, 26.8 + 2.8 and 30.7 + 2.5 A for the
o0-, m- and p-ionene, respectively, that corresponds to ~3.0, 4.5, and 5.1
;\/repeat unit.

Water---polymer and polymer---polymer binding affinities are known
to play a decisive role not only in the formation of hydrogels but also in
their structure and properties [31-33]. For physically crosslinked ionene
hydrogels, we firstly hypothesized that the water---ionene interactions
greatly affect the self-healing capacity. In order to examine such hy-
pothesis the radial distribution functions for water---water (gwat-wat) and
water---ionene pairs (gwat-lon) Of snapshots stored at the beginning (t = 0
ns), in the middle (t = 75 ns) and at the end (¢t = 150 ns) of the pro-
duction trajectories are compared in Figures S1 and 3, respectively, for
the three studied ionene topologies.

As expected, the gyat-wat profiles obtained for the o-, m- and p-ionene
are practically identical. In all cases a sharp and intense peak, which
corresponds to the closest neighboring water molecules, is located r =
2.75 A. Besides, the profiles obtained for the initial snapshots become
much smoother after some simulation, evidencing the relaxation and
stabilization of the bulk water molecules in the reconstituted hydrogels.
In any case, the gwat.wat curves obtained for the three ionene topologies
are so similar that no information related with differences in the self-
healing mechanism can be extracted from them.

Although in all cases the shape of the gyat.1on curve changes with the
simulation time (Fig. 3), the three hydrogels exhibit a similar behavior
in terms of water---ionene interactions. Initially, at t = O ns, no peak is
detected at gwat-1on, the shortest distance between water and the polymer
chains occurring at r ~ 3 A. After this, the strength of water---ionene
interactions increases and the shortest contact moves tor ~ 1.8 A at t =

75 ns, reflecting the formation of a stable hydration shell around poly-
mer chains that remains at t = 150 ns The formation of the stable hy-
dration shell, which is illustrated in Fig. 3d for the o-ionene, is
completed after a few tenths of ns. However, this formation process as
well as the characteristics of the hydration shell are independent of the
ionene topology, as inferred from the similarity in the profiles at
different simulation times (Fig. 3a—c).

Fig. 4 displays the residence time distribution of water molecules
located in the ionenes hydration shell (i.e. considering water molecules
at a distance lower of 4 A from any ionene atom). Although in general
the water residence times are small in all cases (i.e. lower than 0.6 ns),
some differences are detected among the three ionenes, affecting the
dynamics of the water molecules at the hydration shell. More specif-
ically, the number of water molecules with residence times comprised
between 0.15 and 0.60 ns is higher for the o-ionene than for the m- and p-
ionenes by 39% and 16%, respectively. This feature suggests that the
strength of water---polymer interaction is somehow influenced by the
topology and decreases as follows: o-ionene > p-ionene > m-ionene.
Despite of this, the diversity of behaviors found in the self-healing
behavior of the three studied ionenes cannot be attributed to such
small differences in water---polymer interactions.

To search for more distinctive features induced by the topology,
capable of explaining the superior self-healing properties of the o-ionene
compared to the m- and p-analogues, ionene---ionene interactions were
analyzed. For this purpose, the radial distribution functions for inter-
molecular N-H---O hydrogen bonds (gny...0), intramolecular n-n stack-
ing interactions (8x.nintra) and intermolecular n-n stacking interactions
(8r-n,inter) Were calculated at the beginning, in middle and at the end of
production trajectories (t = 0, 75 and 150 ns).

The gnu...o profiles for the o-, m- and p-ionene are compared in
Fig. 5a. Interestingly, the profiles obtained for the o-ionene (Fig. 5a, left)
reveal a distinctive broad peak that extends from r= 1.8 A tor = 2.4 A,
indicating that the o-ionene is the only able to form strong intermolec-
ular hydrogen bonds. Such interactions seem to be present during the
whole trajectory, even though the intensity of the peak decreases
slightly with the simulation time. In addition, a sharp peak that increases
in the second half of the trajectory is observed at r = 3.0 A. This weaker
interaction is also observed for the m-ionene (Fig. 5a, middle).
Regarding the p-ionene, it is worth noting that the strength of such
interaction becomes weaker in the second half of the trajectory, as re-
flects the shift in the position of the peak from r = 3.0 to r = 3.3 A
(Fig. 5a, right). Overall, analyses of intermolecular hydrogen bonds
reveal several distinctive features, which depend on the topology.
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Fig. 7. (a) Illustrative three-centered hydrogen bond found for the o-ionene in which the C=O0 of a given chain interacts with the two H-N moieties of a DABCO unit
from a neighboring polymer chain. Representative (b, c¢) intramolecular and (d, e) intermolecular n-n stacking interactions for the o-ionene: (b, d) n-stacked and (c, €)
T-shaped configurations. The stacked interaction in (b) and (d) is formed between the two close aromatic rings arranged in parallel.

According to this kind of interactions, the reconstitution of hydrogels is
favored following this order o-ionene > m-ionene > p-ionene, which is
agreement with experiments [22]. Optical micrographs displayed in
Fig. 6 illustrates the self-healing of the o-ionene hydrogel, which is
completely reconstitution after 24 h.

The two peaks identified for the o-ionene has been associated to the

abundant three-centered or bifurcated (N-)H---O (=C)---H (-N)
hydrogen bonds identified in the MD trajectory. This kind of interaction,
which has been recently analyzed for proteins and polypeptides [34], is
easily accommodated by the polymer bearing the ortho topology. Thus,
the most usual geometry for three centered hydrogen bonds in the
o-ionene involves a C—=O moiety from a polymer chain that is
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Fig. 8. For the (a) o-, (b) m- and (c) p-ionene: radial distribution functions for CI---N" interactions (gcj.; left) and Cl~---n interactions (gcy.5; right). In all cases the
radial distribution functions were calculated considering snapshots recorded at the beginning (t = 0 ns), in the middle (t = 75 ns) and at the end (t = 150 ns) of the
production trajectories. The gc., profiles have been calculated using center of masses of the aromatic rings.

simultaneously interacting with the two H-N groups of a given ortho--
DABCO unit from a neighboring polymer chain, as is illustrated in
Fig. 7a for a representative interaction. Instead, simple two-centered
hydrogen bonds largely predominate for the m- and p-ionenes. Indeed,
the formation of bifurcated hydrogen bonds becomes much more diffi-
cult when the distance between the two H-N moieties emerging from the
DABCO unit increases, as occurs for the m- and p-ionene. Figure S2
shows representative hydrogen bonds for the latter two polymers.

The gr.xintra Profile calculated for the o-ionene at t = 0 ns (Fig. 5b,
left) shows a broad peak centered at r ~ 4.9 A and a sharp peak atr = 6.5
A, which have been associated to n-m stacking interactions involving
planar sandwich (n-stacked) and pseudo-perpendicular T-shaped con-
figurations, respectively [35]. However, these interactions become
slightly weaker with increasing simulation time, a Ar ~ 0.2 A being
observed at t = 150 ns The presence of intramolecular planar in-
teractions is negligible for both the m- and p-ionene (Fig. 5b, middle and
right), all interactions showing a T-shaped configuration. However, as
occurred for the o-ionene, the interactions become weaker with
increasing simulation time, this effect being more pronounced for the

p-ionene (Ar ~ 0.4 A) than for the m-ionene (Ar ~ 0.2 10\). Fig. 7b and ¢
displays representative n-stacked and T-shaped interactions detected
between aromatic rings of the same o-ionene chain at the end of the MD
trajectory.

Inspection of the gy inter profiles show a similar evolution for the
three studied ionenes (Fig. 5c). In all cases the profiles with multiple
peaks obtained at t = 0 ns convert into a broad peak centered at r ~ 4-5
A, which corresponds to the n-stacked configuration (Fig. 7d), and a
sharp peak at r = 6.5 A (t=75ns)/6.7 A (t = 150 ns), which has been
attributed to the T-shaped configuration (Fig. 7e) [35]. As expected,
intermolecular n-n stacking interactions become more defined with
increasing simulation time. Moreover, the amount of interaction in-
creases for the o-ionene (Fig. 5c, left), whereas this effect is not detected
for the m-and p-ionenes (Fig. 5¢c, middle and right, respectively). Overall,
these results indicate that intra- and intermolecular n-n stacking in-
teractions play a crucial role in the reconstitution of the studied ionenes,
providing explanation to the influence of the topology on the
self-healing capacity.

The interactions between Cl™ counterions and ionene chains may
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also play a crucial role in the reconstitution and self-healing processes.
The moieties from ionene molecules able to interact with Cl™ anions are
the positively charged N atoms of DABCO units (Cl™---N* electrostatic
interactions) and the three aromatic rings of each repeat unit (Cl -
interactions). Fig. 8 displays the radial distribution functions for
Cl™-N" (gc1.n) and interactions Cl™---m interactions (gc.¢) for snapshots
stored at the beginning, in middle and at the end of the production runs.
Inspection of the gc.y profiles indicates that the three studied ionenes
experience an important reduction in the amount of CI™---N* in-
teractions with increasing simulation time. This feature is very
remarkable for the m- and p-ionenes since the profile with multiple
peaks obtained at t = 0 ns converts into almost flat profiles at t = 75 and
150 ns This transformation indicates than the amount of Cl™---N" in-
teractions is residual for the ionenes with meta and para topologies.

For the o-ionene, the profile at t = 0 ns evolves towards profiles with
a well-defined broad peak centered at r = 5.0 and an ill-defined peak at r
~ 6.1 A. The first distance, which is larger that sum of the van der Waals
radii of the corresponding atom types (Rgy. = 1.735 A and Ry, = 1.55 A),
has been attributed to the electrostatic interaction of each Cl~ with a
closest NT atom of a 0-DABCO unit, whereas the second has been asso-
ciated to the distance of the same Cl~ atom to the other N of the same o-
DABCO unit. Thus, the o-ionene still shows an appreciable amount of
Cl™-NT interactions after 150 ns (Figure S3), suggesting that such
electrostatic contacts have also some influence on its self-healing
capacity.

The gc.» profiles show that, independently of the ionene topology,
Cl™---m interactions are abundant at t = 0 ns, exhibiting a broad and
intense centered peak at r = 5.0-5.5 A. However, these interactions
become much less abundant at t = 75 ns and practically disappears at t
= 150 ns, flat profiles being obtained at the end of the production tra-
jectories for the three ionenes. This temporal evolution of the gcj.x
profiles indicates that the Cl™---x interactions do not affect the recon-
stitution process of the DABCO-containing ionenes. Overall, results
displayed in Fig. 8 indicate that C1~ anions prefer to interact with the N™
atoms from non-aromatic rings than with the n-cloud of aromatic rings.
However, quantitative assessment of C1™---N" electrostatic interactions
reveals that these are only significant for the o-ionene, evidencing that
the evolution of the Cl™---polymer interactions during the reconstitution
of the hydrogels is influenced by the topology.

4. Conclusions

The interactions that establish the self-healing property of the o-
ionene have been characterized by means of MD simulations. For this
purpose, stressed and unstable models atomistic models were created for
the ortho, meta and para isomers using the molecular geometries of
previously studied dry composites involving such ionenes and PEDOT.
After introducing water molecules to hydrate the systems, the models
were relaxed and NPT trajectories were run to propitiate the formation
of stable models for the o-, m- and p-ionene hydrogels. It was found the
gelation process mainly occurred through a re-distribution of the poly-
mer chains but without altering their molecular shapes, giving place to
open structures in which polymer chains are connected through specific
intermolecular interactions.

The main difference between the reconstituted o-, m- and p-ionene
hydrogels is that the former is capable of forming bifurcated intermo-
lecular hydrogen bonds, intramolecular planar sandwich n-n stacking
interactions and Cl™---N™ electrostatic interactions, while the other two
hydrogels are not. According to these results, we conclude that elec-
trostatic interactions play a crucial role in the self-healing process due to
their strength. However, the role of hydrogen bonds and n-n stacking
interactions cannot be neglected, as they only appear in the o-ionene,
even though they are significantly weaker than the electrostatic ones.
Moreover, other small differences, that involve the strength and/or
amount of interactions (e.g polymer---water and intermolecular n-n
stacking interactions), also favor the reconstitution of the ortho hydrogel
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in comparison to the meta and para ones.

Overall, MD simulations have highlighted interactions that are only
exhibited by the reconstituted o-ionene hydrogel, explaining its self-
healing property. Result demonstrate that the polymer topology,
which defines ability to interact of the molecular chains, is a very
important factor for the self-healing capacity. Although molecular-level
computational and theoretical studies about the self-healing property of
polymer hydrogels are still almost non-existent, this works demonstrates
these molecular simulation methods can be used not only to understand
the behavior of known healing systems but also to design new systems
with optimized self-healing behavior.
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