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The manifold applications of ionene-based materials such as hydrogels in daily
life, biomedical sciences, and industrial processes are a consequence of their
unique physical and chemical properties, which are governed by a judicious
balance between multiple non-covalent interactions. However, one of the most
critical aspects identified for a broader use of different polyelectrolytes is the
need of raising their gelation efficiency. This work focuses on surfactant-free
ionene polymers 1-3 containing DABCO and N,N’-(x-phenylene)dibenzamide

(x = ortho-/meta-/para-) linkages as model systems to develop a combined com-
putational-experimental approach to improve the hydrogelation through a better
understanding of the gelation mechanism. Molecular dynamics simulations of
isomeric ionenes 1-3 with explicit water molecules point out remarkable differ-
ences in the assembly of the polymeric chains in each case. Interchain regions
with high degree of hydration (i.e., polymer---water interactions) and zones domi-
nated by polymer---polymer interactions are evident in the case of ortho- (1) and

represent an important subgroup in which
the ionic groups form part of the polymer
backbone.* 1% In general, the term refers
to polycations carrying quaternary ammo-
nium as the charged species. From a syn-
thetic point of view, ionenes are typically
accessible either by 1) chain or step poly-
merization of suitable monomers (e.g.,
Menshutkin reaction between bis-tertiary
amines and activated dihalides, self-poly-
addition of aminoalkylhalides) or 2) cati-
onic functionalization of reactive precursor
polymers.'"12l Since the first synthesis
of an ionene more than 80 years ago by
Marvel and co-workers,['>14 they have been
the subject of intensive investigations in
diverse fields including chemistry, biology,

meta- (2) isomeric ionenes, whereas domains controlled by polymer---polymer
interactions are practically inexistent in 3. In excellent agreement, ortho-ionene
1 provides experimentally the best hydrogels with unique features such as
thixotropic behavior and dispersion ability for single-walles carbon nanotubes.

1. Introduction

Polyelectrolytes are of fundamental and practical impor-
tance since many of them play critical biological functions in
nature.'=3l Within this type of macromolecules, synthetic ionenes
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physics, medicine and materials science.
Such tremendous research activity has cul-
minated with the development of manifold
applications of these macromolecular mate-
rials in daily life, biosciences and indus-
trial processes (e.g., as antibacterial agents
or building blocks for the preparation of
chromatography stationary phases, symplexes or functional gels,
among other uses).l¥

The unique physical and chemical properties of these poly-
mers are the result of a judicious balance between multiple
interactions including hydrophobic, charge transfer and long-
ranged electrostatic interactions. As for all polycations, besides
the density and charge distribution along the backbone, the
nature of the counterion, the molecular weight, flexibility and
H-bonding capability of the polymer chain are also critical
aspects that may markedly influence the conformation and
dynamics of polymer chains. Additionally, their considerable
structural versatility (e.g., achievable via counterion exchange,
chemical modification of monomers, polymerization method)
and key features such as electrostatic stabilization of colloids
and tunability of their mechanical properties can be used to
induce the formation of stable polyelectrolyte hydrogels for
applications in biomedicine, engineering and food science.!>16l
Yet one of the critical technical issues identified for the practical
use of a broader range of organic polyelectrolytes is the neces-
sity of increasing the efficiency of gelation.l'”] However, despite
numerous efforts to establish structure-property relationships,
the understanding of the gelation mechanism of such com-
plex systems remains a major challenge. This is mainly due to
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1) non-uniform distribution of ionic groups along the polymer
chain, 181 and 2) the fact that several experimental results are
typically poorly described from a microscopic point of view,
which makes difficult the prediction of gelation properties
through simple theoretical models and the rational design of
more efficient gelling agents. In this sense, conversely to other
polyelectrolytes, ionenes constitute ideal systems to study ionic
aggregation phenomena since the ionic sites are precisely situ-
ated along the macromolecular unit.

On the other hand, theoretical description of polyelec-
trolyte hydrogels at the atomistic level is very challenging
because of the conformational complexity of polymer chains,
which increases with the number of degrees of freedom in
repeat units, the description of excluded volume interactions
involved in these hydrophilic polymeric networks containing
large amounts of water, and the huge dimensions of the sys-
tems necessary to represent these water-swollen ionic aggre-
gates.l?%) Thus, in spite of the interest in polyelectrolyte hydro-
gels, the intrinsic complexity of gelated systems and the sig-
nificant amount of computational resources needed to describe
their chemical details and physical properties, have severely
restricted their atomistic modeling. However, in the last few
years, computational advances (i.e., parallel computer archi-
tectures and efficient scalability of computer programs) have
allowed the study of some of the most important polymeric
hydrogels.?'=?%] Because of these recent advances, approaches
combining computer simulations and experimental method-
ologies are currently expected to be successful in the rational
design of hydrogels with advanced properties.

Herein, we reasoned that using different structural isomers
of phenylenediamine as molecular core for the construction of
ionene polymers would lead to different types of cross-linked
networks in water and, hence, potential superior hydrogels.
We demonstrate that a combined computational-experimental
approach can be used to rationally design more efficient ionene
hydrogelators in terms of gelation kinetics as well as mechan-
ical and functional properties of the resulting hydrogels.

2. Results and Discussion

Hydrogels based on surfactant-free linear ionenes having N,N'-
(-para-phenylene)dibenzamide linkages were first described
by Yoshida and co-workers.?®! Motivated by the remarkable
properties and potential applications shown by these systems,
we envisioned the possibility to develop a combined compu-
tational-experimental paradigm with the aim of enhancing
the gelation efficiency of these valuable functional materials.
Among the number of tertiary diamines that can be used as
spacers for building the ionenes we focused for this work on
1,4-diazabicyclo[2.2.2]octane (DABCO), as this moiety has also
proven useful in the development of polycations for other appli-
cations such as template synthesis of porous nanomaterials?’]
and gene delivery.?®]

Our approach takes advantage of the structural isomerism of
the phenylenediamine core (Figure 1). Depending on the substi-
tution pattern of the phenyl ring, it is possible to grow the two
polymeric arms of the ionene forming different angles to each
other (i.e., 6= 60°, 120°, or 180°). Such well-defined topological
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Figure 1. Phenyl ring substitution angles in phenylenediamine structural
isomers: OPDA = ortho-phenylenediamine; MPDA = meta-phenylenedi-
amine; PPDA = para-phenylenediamine. Different net dipole moments
derive from vector addition of the moments of the respective monosub-
stituted compounds.

variations not only impact the net dipole moment of the poly-
mers but also their inter- and intramolecular interactions, which
are expected to influence significantly the gelation phenom-
enon. Thus, information provided by advanced computational
modeling of these interactions at the atomistic level combined
with experimental parameters of the ionenes could serve as a
versatile and accurate tool to predict their hydrogelation ability.

2.1. Synthesis and Characterization of lonenes

Following the general procedure reported by Yoshida and co-
workers, the ionenes 1-3 (Figure 2) were rapidly synthesized
via a two-step reaction sequence. Briefly, amidation of iso-
meric phenylenediamines OPDA, MPDA and PPDA with
4-(chloromethyl)benzoyl chloride in the presence of Et;N in
CH,(Cl, afforded the corresponding bis-benzamides (dielectro-
philic monomers) in good yields (87-96%) upon recrystalliza-
tion (Scheme S1, Supporting Information). Their subsequent
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Figure 2. Synthesized DABCO-containing ionene polymers 1-3 with
N,N’-(x-phenylene)dibenzamide linkages (x = ortho-/meta-/para-). A
symbolic representation of each ionene is given for ease of reading and
interpretation.
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step-growth copolymerization with DABCO (dinucleophilic
monomer) under equimolar conditions in DMF at 80 °C gave
the desired polycations 1-3 as precipitates within 2—3 days in
good yields (69-98%) after a simple filtration, washing and
drying protocol (ESI).

Fundamental structural analyses of ionenes 1-3 were carried
out by NMR, FT-IR, elemental analysis, SEC, TGA, and DSC
measurements (Figures S1-S7, Supporting Information). H-
NMR spectra in D,0 clearly distinguished the expected three
sets of broad resonances for each pure polymer corresponding to
aromatic protons (6 = 7.1-8.0 ppm), benzylic methylene protons
(0 = 4.1-4.7 ppm), and methylene protons bonded to quaternized
nitrogen atoms (6 = 2.9-3.9 ppm). In agreement, FT-IR measure-
ments exhibited broadening of the bands centered at = 1650 cm™!
(C = O stretching, amide I) and 3310 cm™ (N-H stretching) in
comparison to precursor monomers, and new resonance features
at = 980-1130 cm™! associated to C-N* stretching vibration. In
order to achieve adequate solubility and mobility of the polymers
for GPC/SEC measurements (thus, avoiding undesired polymer-
column interactions), counteranion exchange of chloride by
bis(trifluoromethanesulfonyl)amide (TFSA) anions was carried
out using LiTFSA in hot water.?’! The results for our polymer
batches showed dispersity values (D = M,,/M,) ranged from 2.1
to 2.9, which is expected for ionenes made via step-growth polym-
erizations and fairly consistent with previous data.? In prin-
ciple, the differences in the observed average molecular weights
for a given batch of ionenes (i.e., 8.1 X 10° Da for 1-TFSA; 1.2
x 10* Da for 2-TFSA; 1.7 x 10* Da for 3-TFSA, with degrees
of polymerization n < 10), could have a certain impact on the
thermal, mechanical and/or gelation properties (vide infra). More-
over, the lack of optical birefringence domains under crossed
nicols reflected the isotropic nature of the solid polymers. Simul-
taneous TGA-DSC analysis of the three ionenes revealed similar
thermal stability with a series of events associated to 1) endo-
thermic moisture/solvent loss (weight loss = 5-7%, T = 78-80 °C)
and 2) multi-step thermal degradation of the polymers. In general,
the primary degradation pathway of these high charge density
polymers begins at temperatures around
200250 °C, which correspond to the dequater-
nization (Hofmann elimination) of backbone
nitrogens.?% Specifically, the starting degrada-
tion temperature for 1, 2, and 3 was estimated
from the first endothermic transition in the
DSC traces after solvent loss at = 234 for 1 and
254-255 °C for 2-3. In concordance with the
SEC results, the higher starting decomposi-
tion temperature observed for 2 and 3 is attrib-
uted to their higher molecular weight (hence,
a higher content of quaternized nitrogen
groups) in comparison to 1. These results
point out the hygroscopic and amorphous
nature of the polymers, as well as a relative
indirect influence of the core topology on the
thermal stability due to the different degree of
polymerization obtained using OPDA, MPDA
or PPDA. In this sense, the ionic aggregation
is more prevalent when the molecular weight
is higher, and hence more thermal energy is
needed to dissociate the aggregates.
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2.2. Computational Studies

With the aim of using computer simulations as a predictive
tool for the hydrogelation of isomeric ionenes, we performed
atomistic molecular dynamics (MD) simulations of 1-3 using
molecular models formed by two polymer chains with n = 6
immersed in a simulation box filled with explicit water mol-
ecules. Initially, two identical ionene polymer molecules were
placed at a distance of approximately 9 A. Figure 3 provides
representative snapshots of the simulated systems during the
production trajectory (i.e., after thermalization and density
relaxation). Apparently the assembly between the two chains of
1 and 2 is different than that of 3. Thus, although both 1 and
2 show regions between the two chains with a high degree of
hydration, zones dominated by polymer - - - polymer interactions
are also evident. In contrast, polymer- - -water are practically
the only intermolecular interactions in 3, polymer- - - polymer
interactions being very scarce (i.e., domains controlled by
polymer- - - polymer are practically inexistent).

These observations are corroborated in Figure 4a, which dis-
plays the radial distribution function for pairs of carbon atoms
belonging to different chains, gc.c(r). Thus, the shape of the gc.
c(r) profile is largely influenced by the molecular architecture
of the ionene polymers. 2 shows a very high and well defined
peak centered at 4.2 A reflecting that intermolecular interac-
tions between two polymer molecules are relatively strong. This
peak is less intense but still prominent in 1, remaining cen-
tered at 4.2 A, which is consistent with a slight reduction in the
strength of polymer- - - polymer interactions with respect to 2.
However, 1 shows other well defined peaks centered at 6.2 and
9.7 A and a shoulder at 8.2 A, which are not detected in 2, sug-
gesting that the assembly formed by the two polymer chains is
very stable. In contrast, 3 only shows a broad shoulder centered
at 5.2 A suggesting that interactions between the two ionene
chains are very weak, or even practically inexistent.

Similar conclusions are reached by analyzing the existence
of intermolecular polymer- - -polymer hydrogen bonding and

Figure 3. Representative snapshots of the three simulated systems. The numbers refer to the
ionene polymer in each case. For each case, only the central zone of the simulation box, which
contains the polymer chains, is displayed while the rest has been omitted for the clarity.
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Figure 4. Radial distribution functions for the A) C---C and B) N---O pairs of atoms belonging to different ionene polymer chains. C) Number of N---O
hydrogen bonds (N) with life times comprised between 0 and 0.5 ns (n=1),0.5and 1.0 ns (n=2), 1.0 and 1.5 ns (n=3) and 1.5 and 2.0 ns (n =4). D)
Radial distribution functions for pairs of centers of masses of aromatic rings belonging to different ionene polymer chains. E) Number of -7 stacking
interactions (N) with life times comprised between 0 and 0.5 ns (n=1), 0.5 and 1.0 ns (n=2), 1.0 and 1.5 ns (n=3), 1.5 and 2.0 ns (n = 4) and 2.0
and 2.5 ns (n=5). F) Number of water molecules involved in hydrogen bonding interactions with the amide groups of the polymer chains against the
number of snapshots (a decreasing order is displayed for the three evaluated systems).

m—m stacking interactions. Intermolecular hydrogen bonds in
1-3 have been examined through the radial distribution func-
tions for N-.-O pairs belonging to different chains, gy.o(r),
which are represented in Figure 4b. The peak centered at
3.7 A, which reflects the formation of intermolecular N-H - - -O
hydrogen bonds, is higher for 2 than for 1, whereas the peak
found for 3 is shifted to 4.2 A and significantly smaller than for
the other two systems. Quantitative analysis of the number of
intermolecular hydrogen bonds with a N---O distance < 4 A
indicates that this kind of interactions are 1.3 and 3.3 times
more abundant for 2 than for 1 and 3, respectively. In order
to compare the stability of these interactions, the life time (i.e.,
amount of time in which a given interaction remains formed
without any disruption) of each detected interaction has been
evaluated. After this, hydrogen bonds have been categorized in
n groups, which reflect the number of interactions (N) with a
life time comprised between (n-1)-500 ps and n-500 ps. Thus,
hydrogen bonds belonging to groups with n =1, 2, 3, or 4 refer

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to interactions with life times comprised within the following
intervals: [0-0.5 ns], [0.5-1.0 ns], [1-1.5 ns] or [1.5-2.0 ns],
respectively. Figure 4c, which depicts N against n for the three
simulated systems, indicate that 46%/35%/6% of hydrogen
bonds found in 1 show life times higher than 0.5 ns/1.0 ns/
1.5 ns. In contrast, 91% of hydrogen bonds detected in 2 display
life times lower than 0.5 ns while only 4% of such interactions
remain for a time comprised between 1.0 and 1.5 ns. Finally,
hydrogen bonds in 3 are not only scarce but also relatively
unstable (i.e., only 5% exceed 0.5 ns and none reached 1.0 ns).
According to these results, N,N’-(-para-phenylene)dibenzamide
linkages affect not only to the abundance of intermolecular
hydrogen bonds but also to the stability of such interactions.
On the other hand, the radial distribution functions calcu-
lated for pairs of centers of masses of aromatic rings belonging
to different chains, gxcnxem (-6, Xem refers to the center of
masses of aromatic rings), has been used to explore the pos-
sible existence of intermolecular 77 stacking interactions. As

Adv. Funct. Mater. 2014, 24, 4893-4904
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it can be seen in Figure 4d, gy m.xcm Shows a high and relatively
sharp peak centered at 3.9 A for 2, which becomes smaller for
1. The practically flat profile obtained for 3 suggests that this
kind of interactions is very scarce for polymers with N,N’-(para-
phenylene)dibenzamide linkages. According to these results,
the number of intermolecular - stacking interactions grows
in the following order: 3 < 1 < 2. Considering a threshold dis-
tance r < 6 A, the number of interactions detected for 2 is 2.1
and 4.4 times higher than that found for 1 and 3, respectively.
Analysis of the angles (0) formed by the planes of two inter-
acting rings led to an average value of 47 £ 33°, 26 + 14°, and
67 £ 26° for 1, 2, and 3, respectively, evidencing important dif-
ferences in the relative orientation of the two aromatic entities.
More specifically, - stacking interactions in 2 are essentially
dominated by a parallel disposition of the aromatic rings (i.e.,
relatively close to the ideal planar configuration with 6 = 0°)
while rings prefer a perpendicular arrangement in 3 (i.e., rela-
tively close to the ideal T-shaped configuration with 6 = 90°).
Interestingly, the average angle displayed by 1, as well as its
large deviation, reflects an intermediate situation, suggesting
the coexistence of parallel and perpendicular configurations.
Categorization of the m-m stacking interactions according to
the life time is provided in Figure 4e. As it can be seen, the
life time of 88% of the interactions found in 2 is lower than
0.5 ns while 72% | 50% /| 23% of the m—r stacking interactions
detected in 1 show life times larger than 1.0 ns/1.5 ns/2.0 ns.
Overall these results clearly indicate that the topological con-
straints derived from the substitution of the phenyl ring affects
very significantly to the intermolecular interactions pattern (i.e.,
abundance and stability of both hydrogen bonds and n—r stack-
ings), which is also expected to have a large influence on the
gelation phenomenon. The average life times calculated for
intermolecular hydrogen bond | 7w stacking interactions of 1,
2, and 3 are 0.7/1.7, 0.1/0.3 and 0.2/0.2 ns, respectively. These
averages combined with results displayed in Figure 4 allow us
to conclude that the stability of the assemblies predicted by MD
simulations decreases as follows: 1 >2 >>3.

On the other hand, the formation of specific hydrogen
bonding interactions between the polymer chains and the
explicit solvent molecules has been analyzed snapshot-by-
snapshot. Figure 4e represents the number of water mole-
cules hydrogen bonded to the amide groups contained in the
polymer chains of each system against the number of ana-
lyzed snapshots. As it can be seen, the maximum of hydrogen-
bonded waters is 45, 40, and 45 for 1, 2, and 3, respectively,
even though such high number is only observed in one snap-
shot. Moreover, only 145, 235, and 154 snapshots are able to
retain 10 or more water hydrogen bonded to the amide groups
of 1, 2, and 3, respectively. These results indicate that the hydra-
tion of polymer chains, which is illustrated in Figure 3, essen-
tially occur through non-specific water- - - polymer interactions.
Moreover, the inset displayed in Figure 4e clearly shows that
the formation of water- - -amide interactions is slightly more
favored for 2 than for 1 and 3.

The temporal evolution of the radius of gyration (R,) has pro-
vided qualitative information of the molecular flexibility of 1-3
(Figure S14, Supporting Information). The resulting average
R, value 2~star}dard deviation is 21.1 + 3.56 A, 27.8 + 4.36,
and 35.8 = 2.81 A for 1, 2, and 3, indicating that the flexibility
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grows in the following order: 3 < 1 < 2. Evaluation of the hydro-
dynamic radius (Ry) leads to similar conclusions, the average
value being 21.5 + 1.5 A, 24.6 + 2.0, and 28.8 + 1.2 A for 1, 2,
and 3, respectively. Correlation of these structural parameters
with the intermolecular interactions discussed above allows us
to predict that the ability to form polymer assemblies increases
with the molecular flexibility, which in turn is directly related
with the structural isomerism of the phenylenediamine core.
However, the stability of the formed polymer assemblies is also
significantly affected by the molecular flexibility, as is clearly
evidenced by the analyses of the residence times. More specifi-
cally, although 1 shows less intermolecular interactions than
2, the molecular flexibility of the latter perturbs their strength
and stability, which are weaker than those of 1. Accordingly, the
hydrogelation capacity is controlled by the density of intermo-
lecular interactions, which allows to discriminate 3 with respect
to 2 and 1, and also by the stability of such interactions, which
is significantly higher for 1 than for 2.

In order to examine the reliability of the studied models,
additional simulations were carried out using an extended
system of 2 (model 2e), which was selected because of its abun-
dant intermolecular interactions. Results obtained for model
2e (Figure S16 and S17, Supporting Information), which con-
sists of four polymer chains with n = 6 immersed in a simula-
tion box with 98498 explicit water molecules (Figure S15, Sup-
porting Information), are fully consistent with those reported
in Figure 4 for 2 corroborating the assembling ability predicted
for the system with N,N’-(meta-phenylene)dibenzamide link-
ages). Thus, enlargement of the number of polymer chains
does not alter the structural organization and the main charac-
teristics of the interaction pattern obtained for 2, which is based
on the coexistence of regions dominated by a large number of
polymer- - - polymer with hydrated polymer zones. The max-
imum number of water molecules forming hydrogen bonds
with the polymer chains is 10 and 15 per molecule of 2 and 2e,
respectively. However, the average Ry and Ry values calculated
2e (32.6 £ 3.6 and 31.4 £ 1.5 A, respectively) indicate that, as
expected, the length of the molecular chain increases slightly
with the number of assembled molecules while the flexibility
decreases.

On the other hand, the influence of the molecular weight in
the hydrogelation ability of ionenes 1 and 2 has been evaluated
by considering models made of two polymer chains with n =8
(1w and 2w, respectively) immersed in a simulation box filled
with explicit water molecules, respectively. Results obtained for
1w and 2w (Figure S18, Supporting Information) are similar
to those displayed in Figure 4, this feature being particularly
outstanding for the latter system. Accordingly, the assembly
behavior discussed above for the polymer with N,N’-(meta-
phenylene)dibenzamide and N,N’-(ortho-phenylene)dibenza-
mide linkages are practically independent of the number of
repeat units in terms of abundance and stability of the intermo-
lecular polymer- - - polymer interactions.

Density Functional Theory (DFT) calculations using small
model dimmers, which are described in the ESI, were carried
in both the gas-phase and aqueous solutions to get additional
information on the relative hydrophobicity and hydrogelation
ability of the three investigated systems. Evaluation of the free
energies of solvation (AG,,) indicated that the interaction of
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such dimmers with the solvent is more favorable for 3 than
for 2 and 1 by 0.8 and 3.6 kcal mol™!, respectively. Accordingly,
the relative hydrophobicity of these dimmers, which decreases
with increasing separation the aromatic rings containing in the
repeat unit, follows the same order that the gelation ability: 1
>2 >3. This feature together with the calculated binding ener-
gies and intermolecular geometries (Table S1 and Figure S20,
Supporting Information) indicate that the hydrogelation ability
of 1 and 2 are higher than that of 3. Moreover, the complex and
dense network of hydrogen bonding and m—r stacking interac-
tions found for 1 (Figure S20, Supporting Information) suggest
that N,N’-(ortho-phenylene)dibenzamide linkages are the most
appropriated to form stable hydrogels.

2.3. Experimental Hydrogelation

Ionenes 1-3 were subjected to thermal hydrogelation tests that
consisted in cooling to RT the isotropic solutions of a weighted
amount of a given ionene in 1 mL of doubled-distilled water
(organogelation tests were negative). The material phase was
first classified as a gel if no gravitational flow was observed
upon turning the vial upside-down, and further confirmed by
rheological measurements. 1 induced the most effective gela-
tion at the lowest critical gelation concentration (CGC = 25 *
2 g L), which corresponded to a = fourfold and twofold drop
with respect to 2 and 3, respectively (Figure 5). All hydrogels
were thermoreversible over several heating-cooling cycles
without any noticeable detriment of their properties. A typical
hysteresis loop between gel-to-sol and sol-to-gel transition
temperatures of 10-15 °C was also observed under controlled
heating-cooling rates. Remarkably, and in agreement with the
rheological data (vide infra), we observed that the gel-to-sol
transition of the hydrogel made of 1 could be also induced by
sonication instead of heating as external stimulus, and the gel
phase restored upon quiescence. In sharp contrast, sonication

3500 1 -
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=300+ | 551
£ R 10 1
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e 2007 " 1m=-3.586
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Figure 5. Gelation kinetics for each ionene gelator. Inset: Normalized
Ln—Ln plot of the gelation time against the corresponding percentage
increases in concentration.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Makees
Vier'S
www.MaterialsViews.com

treatment of the hydrogels made of 2 or 3 lead to a heteroge-
neous mixture of solvent, precipitate and pieces of jelly-like
material that did not returned to a uniform hydrogel over time.

Simple changes in the molecular geometry of the ionenes
not only influenced the CGC, but also the gelation kinetics.
Figure 5 suggests complex decay kinetics of the supramolec-
ular assembly with increasing concentration of a given ionene.
Ln-Ln plots revealed that for an equivalent increment in con-
centration with respect to the CGC the materials based on 3
and 2 evolved = 1.7-fold and 1.5-fold faster, respectively, than
1 to reach gelation within = 2-3 min (Figure 5). However, in
absolute terms, the much lower CGC of 1 makes this ionene
the best choice to achieve rapid gelation within a wide range
of concentrations. For instance, the gelation times achieved at
100 g L were ca. 5 min, 1.3 h and 21 h for 1, 3, and 2, respec-
tively. Even at the CGC, 1 showed the faster gelation (e.g., =
19 h for 1 vs 47 h for 3).

2.3.1. Physical Properties of Hydrogels

Anticipating unique structure-property relationships, the
hydrogels made of each ionene were subsequently character-
ized in terms of their thermal-mechanical stability, optical and
morphological properties.

The thermal stability of the hydrogels prepared from the
isomeric ionenes at a concentration of 100 g L' (this cor-
responds to the CGC of 2, which is the largest CGC value
among the three ionenes) was comparable between 2 and
3, and slightly superior in = 5-6 °C for 1. However, a more
realistic vision could be obtained by looking at the per-
centage increases of the variable over the entire range of per-
mitted concentration until reaching a plateau value of T, . As
expected for physical gels, the gel-to-sol transition tempera-
ture (Ty) values increased considerably with the gelator con-
centration. Very interestingly, homogeneous and stable hydro-
gels could be formed at very high concentrations, defined by
the solubility limit of the ionene in hot water, following the
order 1 (1500 g L!) >2 (750 g L7!) >3 (400 g L™!) (Figure 6A).
This feature allowed for the preparation of hydrogels with a
wide range of T, values (AT, = 58-74 °C) even well above
the boiling point of water. The Ln—Ln plot of the percentage
increases before the plateau regions showed an almost per-
fect linear relationship between the increment in the gelator
concentration and the consequent increment in the Ty with
respect to the initial values at the CGC (Inset Figure 6A).
Thus, within the end-limits defined by the CGCs and the max-
imum Ty values, the slopes of these straight lines indicated
that 3 causes a 1.2-fold and 1.6-fold higher percentage incre-
ment of T than 2 and 1, respectively.

Oscillatory rheological measurements confirmed the viscoe-
lastic gel state of the materials. Their storage modulus (G’) and
loss modulus (G”) were first measured at RT as a function of
the frequency (dynamic frequency sweep experiment, DFS)
and shear strain (dynamic strain sweep experiment, DSS) to
determine the linear viscoelastic regime (solid-like response)
associated to each material (Figure 7A and 7B). Reproducible
and relatively constant dissipation factors (tan 6 =G”/G" = 0.1)
during the dynamic frequency sweep indicate a good tolerance
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Figure 6. A) Evolution of T, with ionene concentration. Inset plot: Nor-
malized Ln—Ln graphic of the corresponding percentage increases. Inset
photographs: Representative phase thermoreversible transition for the
hydrogel prepared from 1 at 25 g L™'. Abbreviation: HWSL = hot-water
solubility limit; m = slope; H = heating; C = cooling. B) Increment of
opacity with the ionene concentration for the hydrogel prepared from 1.

of the hydrogels to external forces. Within the linearity limits
of deformation, G” was always about one order of magnitude
higher than G” over the entire range of frequencies. Further
dynamic time sweep (DTS) measurements at critical strain at
yield (y=0.1%) and 1 Hz frequency confirmed the stability of
the hydrogels as a function of the ageing time at RT. In gen-
eral, for the same ionene G’ increased and tan 0 decreased
with increased concentration, whereas the crossover point of
G’ and G” shifted to lower strain, indicating an enhancement
of the mechanical damping properties and brittle nature of
the materials (Figure S9, Supporting Information). It is worth
mentioning that both thermal and flow properties of hydrogels
based on oligomeric electrolytes are also influenced by the salt
content.3!l Focusing on the effect of the polymer topology, the
mechanical strength of the hydrogels prepared from ionenes
1-3 at 100 g L' (higher CGC among the studied ionenes)
decreased in the order 1 (G" = 14 kPa) >3 (G’ = 11 kPa) >2
(G" = 2.5 kPa). However, when the hydrogels were prepared at
their respective CGC the tan § increased in the order 2 <1 < 3,
which indicates that concentration affects differently to the gel
properties depending on the topology of the ionene polymer
(Figure S10, Supporting Information).
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Remarkably, we also found that only the hydrogel made of 1
displayed a thixotropic response against the mechanical stress
caused by large-amplitude oscillations. Figure 7C shows a loop
test based on successive cycles of low-high strain separated by
enough time to ensure complete gel-to-sol (G' < G”) and sol-
to-gel (G” > G”) transitions while minimizing inertial effects
between the steps. The results showed that the original gel
properties were fully recovered within 220 £ 3 min after ter-
mination of the large stress. The enthalpy change for the exo-
thermic gel-recovery was found to be AEy =-13.0 £ 0.5 k] mol ™!
from the Arrhenius equation (Figure 7D). Such self-healing
behavior at RT was also macroscopically observed within ca.
16 h after a vigorous shaking-resting process applied directly
to the glass vial containing the hydrogel. These results suggest
that ionene 1 behaves similarly to other ionene gelators (i.e.,
poly[pyridinium-1,4-diyliminocarbonyl-1,4-phenylene-meth-
ylene chloride),?? albeit the underlying relationship between
ionene structure and thixotropic behavior still remains unclear
pending further investigation.

In terms of optical appearance, the difference in the CGC
values associated to each ionene was accompanied by the for-
mation of transparent gels from 1, whereas opaque white gels
were obtained in the case of 2 and 3 at their respective CGC
(Table S1 and Figure S8, Supporting Information). As expected,
an increase in the concentration of 1 increased also the opacity
of the hydrogel (Figure 6B), suggesting the gradual forma-
tion of aggregates greater than the wavelength of visible light
(= 380-780 nm). Moreover, the hydrogels showed distinctive
birefringence domains under crossed nicols depending on the
ionene structure and concentration (Figure 8 and Figure S13,
Supporting Information), indicating the presence of different
anisotropic aggregates. The reduced birefringence observed for
the hydrogels made of 2 in comparison to 1 and 3 at the same
concentration suggested the formation of less extended net-
works in the former, which was in agreement with their weaker
mechanical strength (vide supra). Noteworthy is that the possi-
bility of tuning the optical properties of these thermo-sensitive
hydrogels based on the topology of the ionene gelator may help
to expand also their range of potential applications to optoelec-
tronic devices.*!

Further electron microscopy imaging of the xerogels,
obtained by freeze-drying the corresponding hydrogels, con-
firmed the induction of different anisotropic morphologies
caused by each ionene (Figure 8). TEM images clearly revealed
overlapped laminar structures consisting on large and homoge-
neous sheets for the xerogels from 1 and 3, whereas the xerogel
from 2 showed a complete different morphology consisting on
rough domains without discernible fibrilar or laminar regions.
In good agreement, further FE-SEM images of the specimens
confirmed the described morphology in greater detail. Thus,
dense macroporous networks formed by connected leaf-like
structures with interlaminar distances in the range of =5-10
pm were observed for the xerogels from 1 and 3. In sharp con-
trast, globular shaped agglomerates resembling pebble stones
(¢ = 0.5-1 pm for individual particles) were characteristic of the
xerogel obtained from 2. Augment of the cross-linking density
and loss of anisotropy was observed in all cases upon extensive
increase of ionene concentration, as evidenced by the forma-
tion of distorted microstructures of reduced birefringence.
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Figure 7. Rheological characterization of hydrogels made from 1-3 at the same concentration (¢ =100 g L™"). A) DSS test at 1 Hz frequency and RT.
B) DFS tests at 0.1% strain and RT. C) Thixotropy-loop test of the hydrogel prepared from 1 at CGC. D) Evolution of the storage modulus at different
temperatures after termination of the large stress (¢ = 30 min). Inset: Arrhenius plot of the relaxation time.

Figure 8. Optical and morphological features of hydrogels prepared from ionenes 1 (A-D), 2 (E-H) and 3 (I-J) at ¢ =100 g L™". A|E,l) Digital photo-
graphs of upside-down vials with the hydrogels. B,F,]) Optical images (10x) of the hydrogel films under crossed nicols. Inset in (B): Optical image (50x)
of the hydrogel prepared from 1 at CGC (¢ =25 g L"). C,G,K) TEM and D,H,L) FE-SEM microphotographs of the corresponding xerogels.
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2.3.2. Dispersion of Single-Walled Carbon Nanotubes (SWNTs)

The insolubility of SWNT5 in aqueous solutions due to entan-
glement and hydrophobic association of the nanotubes is
considered one of the major practical limitations of these prom-
ising materials, especially in fields such as biomedical engi-
neering and biochemistry.?**] Hence, a considerable research
effort has been devoted during the last decade to the develop-
ment of cost-effective methods to readily disperse SWNTs
either by covalent or non-covalent strategies that preserve their
functional properties.*® Within non-covalent approaches dif-
ferent research groups have explored the use of surfactantsl*’!
and polycations>**#9 as dispersants. Moreover, the preparation
of SWNTs-hydrogel composites has also received a growing
interest due to the potential synergic combination of properties
from both materials.[3641-43]

In comparison to ionenes 1-3, other polyelectrolyte disper-
sants are built either from a different rigid core or different
spacers. During our research, we were delighted to confirm
that the modification of the substitution angle in the phenylen-
ediamine core of DABCO-containing ionene gelators resulted
also crucial to provide such additional functionality to these
specific hydrogels (i.e., use of DABCO as molecular spacer).
Despite the structural similarities with other polyelectrolyte
dispersants, in which the planar n—surface of the phenylene
core seems to be crucial for the m-stacking interaction with
the carbon nanotubes,?°l opaque hydrogels based on ionenes 2
and 3 at their CGC were unable to hold a dispersion of SWNTs.
However, the use of the ionene gelator 1 at CGC allowed for
the facile preparation of thermoreversible and homogeneous
SWNTs-hydrogel composites (Figure 9A). Interestingly, other
transparent hydrogels obtained using flexible diamine spacers
(e.g., N,N,N’,N’-tetramethyl-1,6-hexanediamine, ~N,N,N’,N-
tetramethyl-1,3-propanediamine) and PPDA showed a similar
dispersion ability. In general, an increase of the gelator con-
centration leading to more opaque gels was accompanied
by a gradual detriment of the dispersibility. Thus, the aggre-
gates size and morphology seem to play a key role among the

Figure 9. Optical and morphological characterization of SWNTs-hydrogel composite made of 1 (¢ =25 g L™') and SWNTs (c=0.1 g L").

www.afm-journal.de

parameters influencing the dispersion of SWNTs within sur-
factant-free ionene hydrogels.

In contrast to previous systems,?®l hybrid hydrogels could
be prepared by addition of the SWNTs on top of the hydrogel
made of 1 followed by sonication and a final quiescent state
at RT (Figure 9E). The so-prepared materials maintained the
same T, either upon heating-cooling or sonication-resting
cycles. Interestingly, we observed that the use of the preformed
hydrogel was crucial in order to disperse by sonication the over
layered SWNTs and form the stable hybrid gel. Thus, the addi-
tion of the SWNT5 to an isotropic solution of 1 at the CGC (pre-
pared by heating or sonication) resulted in the hydrogel forma-
tion with precipitated instead of dispersed SWNTs (Figure 9E,
top). The use of concentrations higher than CGC accelerated in
all cases the gelation process but, as mentioned above, it did not
improve the dispersion of the nanotubes. Thus, the hydrogel
prepared from 1 at CGC behaves as a unique system for the
dispersion of SWNTs and subsequent formation of SWNTs-
hydrogel composites.

It is worth to mention that although sonication usually leads
to transient exfoliation of the nanotubes, the favorable interac-
tion with the ionene gelator, like with other polymeric disper-
sants, may stabilize the exfoliated tubes preventing further
aggregation.*y] Moreover, sonication-induced sol-to-gel transi-
tion could be repeated several times, without the necessity of
the heating-cooling process, which indicated the preservation
of the thixotropic gel network. The maximum concentration of
SWNTs that could be homogenously dispersed was 0.1 g L7,
which did not cause a major change on the thermal-mechanical
stability of the gel matrix (i.e., ATy = 2-5 °C; Atan & = 0.04)
(Figure S11 and S12, Supporting Information). Under these
conditions, the gel-like SWNTs dispersions showed vis—NIR
absorption (Figure S13, Supporting Information), maintained
the uniform black color for several months (e.g., no precipita-
tion of nanotubes was observed after 3 months) and displayed
birefringence under polarized light (Figure 9B). Precipitation
of the SWNTs and a clear supernatant solution were obtained
when the dispersion was attempted by sonication or heating in

resting
16 h
—_
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\gl
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1 (< CGC, solution)
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H = heating —
C = cooling

A) Upside-

down vial containing the hybrid hydrogel. B) Optical image (20x) of the composite film under crossed nicols. C) TEM and D) FE-SEM images of the
hybrid xerogel. E) Top: General preparation of SWNTs-hydrogel composite and its reversibility. Bottom: Dispersion of the SWNTs was not possible by
sonication or heating-cooling treatment of the mixtures at concentrations of 1 below CGC.
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the presence of 1 below the CGC (e.g., ¢ = 10 g L") (Figure 9E,
bottom). Therefore, the gel network (and not only the poly-
electrolyte) provides the necessary microenvironment for the
optimal stabilization of the nanotubes dispersion. Moreover,
electron microscopy imaging (i.e., TEM, FE-SEM) of the speci-
mens clearly visualized the perfect embedment of the SWNTs
within the highly dense gel matrix (Figure 9C,D). The above
results were in concordance with both the conserved anisot-
ropy of the gel phase and the high stability of these dispersions
without aggregation of the nanotubes.*’]

2.4. Mechanistic Considerations

It has been already anticipated that cooperative hydrogen
bonding, m-m, cation—m, and other electrostatic interactions
may play an important role in the gelation mechanism of
ionenes.?®l In fact, the bonding energy for only H-bonding
(=20 kJ mol™!) is much higher than the global activation energy
for the gel formation estimated by rheology. As expected, com-
parative FT-IR spectra confirmed the expected participation of
hydrogen-bonded amides and aromatic interactions during
the gelation process. Thus, hydrogen bonding in the ionene
hydrogels shifted both CO and NH resonances to lower energy
with respect to the solid ionene (e.g., from = 1656 to 1531 cm™!
for amide I bands, and from ca. 3390 to 3275 cm™! for NH
stretching bands). Although the gel-to-sol transition occurred
with increasing temperature, the IR bands arising from
hydrogen-bonded amide groups decreased only slightly in the
isotropic solution indicating that these interactions are already
significant in the solution phase (ESI). In agreement with pre-
vious observations,*?] additional contributions arising from
dynamic interactions between amide groups and water mol-
ecules through the chloride anions is also reasonable based on
the observation of amide proton signals at ca. 12.3 ppm in the
NMR spectrum in DMSO-dg (ESI). Moreover, anion/cation—-n
interactions in these ionenes should also be considered, espe-
cially in a polar medium where most other intermolecular
forces are considerably attenuated. In this sense, it is impor-
tant to realize that strongly associated ion pairs can diminish
the strength of the cation-7 bonding by up to 80%.4! In our
case, this interaction could be rather important in the gelation
mechanism because the ionenes were unable to form hydro-
gels upon exchange of chloride by TFSA anions, which should
hinder the ammonium-n interactions due to the expected
stronger association of the TFSA-tetraalkylammonium ionic
pair in comparison to chloride-tetraalkylammonium in water.
In order to get more conclusive information about the gela-
tion mechanism, MD results for the three simulated ionene
polymers have been used to examine the possible existence of
interactions different to those discussed above (i.e., intermo-
lecular hydrogen bonds and intermolecular 77 stacking in
Figure 4b,c, respectively). Figure 10a,b represent the radial dis-
tribution functions for N*- - Xy (gn/x) and CI™- - - Xy (gci/x)
pairs, respectively, where X, refers to the center of masses of
aromatic rings. Tt is worth noting that gy, /x(r) and gcy.x(r) are
related with the formation of cation—r and anion—r interactions,
respectively. The number of pairs with a N*-..X_, distance
lower than 5.0 A is very low for 1 and 2, the only system with
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a peak below such threshold distance being 3. Indeed, cation-n
interactions are 5.2 and 7.5 times more abundant for 3 than for
1 and 2, respectively. Combination of this result with the experi-
mental evidences discussed above suggests that the importance
of cation-r interactions in the gelation process is relatively
low. In order to corroborate this feature, the gy, x(r) profile
was calculated for 2e, results being included in Figure 10a.
Comparison of the profiles obtained for 2 and 2e indicates
that number and strength of cation—7 interactions decreases
and increases, respectively, with the number of polymer chains
contained in the model. Despite of this, the strength of such
kind of interactions is significantly lower for 2e than for 3, con-
firming their little influence in the gel formation.
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The gci./x(r) profiles calculated for 1-3 (Figure 10b) are rela-
tively similar, evidencing the existence of CI"- - - X, pairs at dis-
tances as short as 3.22 A. From a quantitative point of view, the
population of CI™- - - X, pairs at distances shorter than 5.0 A is
similar for 1 and 2 (i.e., 4% larger for the latter) but 15% lower
for 3 than for 2. Furthermore, the amount of anion-7 inter-
actions in 2 is 1.1 times higher than the number of cation-n
interactions in 3. Comparison of the profiles obtained for
2 and 2e indicates that both the strength and the amount of
Cl—r interactions do not change when the number of polymer
molecules in the simulated model increases from two to four.
Although the amounts of anion-7 interaction detected for the
three molecular systems show differences that are smaller than
for intermolecular hydrogen bonds and 7-7 stacking, they grow
as displayed in Figure 4 for the latter interactions (i.e., 2 >1
>3), Accordingly, anion-r interactions may play a crucial role
in the gelation mechanism since their strength is not negli-
gible as compared to intermolecular hydrogen bonding and
n—7 stacking interactions.*®#9 The average residence time for
anion—-7 interactions is 431, 173, and 316 ps for 1, 2, and 3,
respectively.

Attractive interactions between the N-H of amide groups
and the n-cloud of aromatic rings belonging to different chains
have been also invoked to explain the gelation mechanisms.
The possible existence of such kind of intermolecular interac-
tions in 1-3 has been analyzed by examining the radial distri-
bution functions for (N-)H - - - X, pairs, gy.x(r), which are dis-
played in Figure 10c. As it can be seen, no peak is detected for 3
evidencing that the formation of such kind of interactions is not
particularly favored in the polymer N,N’-(para-phenylene)diben-
zamide linkages. In contrast, 1 and 2 show a well-defined peak
centered at 4.17 and 4.32 A, respectively. The height of the peak
is significantly more pronounced for 2 than for 1 evidencing
that N-H- - - interactions are considerably more abundant in
the former than in the latter. More specifically, integration of
the area of the peaks within the distance interval defined by the
crossing of the two profiles at r = 7.47 A indicates that the pop-
ulation of N-H - - - w interactions through the trajectories is 60%
higher for 2 than for 1, even though the average residence time
is slightly higher for the latter than for the former (i.e., 368 and
319 ps for 1 and 2, respectively). Inspection of the gy.x(r) pro-
file calculated for 2e (Figure 10c) indicates that the preference
of the ionene polymer with N,N’-(meta-phenylene)dibenzamide
linkages is practically independent of the number of explicit
molecules used in the simulated model. Thus, a pronounced
peak centered at 4.17 A, similar in high to that found for 2, is
also detected for 2e.

On the other hand, detailed analyses of the stored snapshots
evidenced that the amount of weak specific interactions at the
intramolecular level (i.e., hydrogen bond, n—7 stacking and
N-H- - - 1) is very small or practically null. This feature reflects
that the role of intramolecular interactions in the gelation of the
three ionenes studied in this work is null. This result combined
with both the experimental observations previously discussed
and the radial distribution functions represented in Figure 4, 10
indicate that the hydrogels studied in this work results from the
combination of multiple specific intermolecular interactions.
Specifically, hydrogen bonding, m—n stacking, anion-m and
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N-H- - - interactions play a fundamental role in the formation
of 1-3 hydrogels. Furthermore, the stability of the formed
assemblies is also crucial for understanding the gelation ability.
Accordingly, interactions are clearly more numerous in 2 than
in 1 while, in opposition, they are more stable in 1 than in 2, 3
being the less favored in all cases. These results clearly reflect
the large influence of the substituted phenylenediamine isom-
erism in the strength, abundance and stability of intermolec-
ular interactions, being responsible of the differences observed
in the gelation of such ionene systems. It is worth mentioning
that we have also observed a superior ability of 1 to gel not only
water but also HCI solutions, which constitute the subject of a
separate investigation.

3. Conclusion

In conclusion, a combined computational-experimental
approach can be applied to optimize the structure of ionene
polymers in order to enhance their gelation efficiency and
achieve hydrogels with superior properties without adding
external additives. As a proof of concept, surfactant-free ionene
polymers 1-3 containing DABCO and N,N’-(x-phenylene)
dibenzamide linkages (x = ortho-/meta-/para-) were used as
model systems. Molecular dynamics simulations of the iso-
meric ionenes with explicit water molecules allowed for the
comparison of polymer---water and polymer- - -polymer
interactions (e.g., hydrogen bonding, m—r stacking, cation-,
anion-n) in each case through the corresponding radial dis-
tribution functions. The results showed that the topological
constraints derived from the substitution pattern of the core
aromatic ring drastically affects the intermolecular interac-
tions pattern, which is also expected to have a large influence
on the gelation phenomenon. Specifically, although domains
with high degree of hydration were visualized for the three sys-
tems, polymer- - - polymer interactions were only evident in the
case of ortho- (1) and meta- (2) isomeric ionenes. The predictive
models were consistent upon a range of repeating units and
explicit polymer chains. In good agreement with the theoretical
assembly models, 1 provided experimentally the best hydro-
gels among the three ionenes 1-3. Heating-cooling treatment
allowed for the preparation of thermoreversible hydrogels in
each case, but only in the case of 1 sonication was also found to
induce gelation very efficiently. Moreover, 1 displayed the lowest
critical gelation concentration (CGC = 25 + 2 g L), the highest
thermal stability at CGC, superior optical properties, a rapid
gelation kinetics within a wide range of concentration, a self-
healing behavior, and the ability to disperse pristine SWNTs.
Neither optical transparence, nor self-healing, nor dispers-
ibility of SWNTs could be achieved with meta- (2) and para- (3)
DABCO-containing ionenes. In principle, this approach could
be applied for the topological optimization of other gelators
based on either polymers or low-molecular-weight compounds
in order to tune the molecular self-assembly and achieve multi-
functional gels with superior properties. Detailed investigations
on additional properties of gelator 1, property-ionization state
relationship studies, and the preparation of biohybrid materials
are currently underway in our laboratories.
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