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lonene-based physical hydrogels have been investigated here in terms of the changes of the local
environment for ionene polyelectrolyte chains and their counterions upon the liquid-gel transition.
These changes were probed via *H and *°F NMR chemical shifts, peak intensities and peak broadening.
Further, chain and counterion dynamics was studied by means of PFG-NMR. Properties of ionene-based
hydrogels being highly sensitive to the nature of the chain counterion, we compare here two systems,
with F~ and Cl™ counterions. An important observation is the significant loss of signal intensity for the
ionene chains and counterions upon the liquid-gel transition. This is a consequence of the
immobilisation of a proportion of the chains and counterions as they start taking part in the cross-linked
chain network and become invisible to solution/liquid state NMR. For the counterions (measured only in
the case of F nuclei), the liquid-gel transition leads also to a sudden deshielding effect (peak shift by
3 ppm) and a large increase in the peak width (decrease in the 19F transverse relaxation time). This
clearly attests to the involvement of the counterions in the formation of chain cross-links in ionene-
based hydrogels. For all solution/liquid and gel phases, the diffusion coefficients of NMR-visible chains
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DOI: 10.1039/d5¢cp02615f are consistently higher in the case of Cl-gels, in comparison to F-gels (a factor of ~ 2). This reflects the
increased rigidity of the F-ionene chains due to strong dissociation of the strongly hydrating F~ ions

rsc.li/pccp from the ionene backbone.

treatments etc.”* Within PEs, synthetic ionenes represent an
important subgroup in which the ionic groups form part of the

1 Introduction

Hydrogels, as the most typical elastomer materials with three-
dimensional (3D) network structures, based on biopolymers or
synthetic polymers (both neutral or charged) in water, have
attracted much attention due to applications in numerous
fields, including food, pharmaceuticals, agriculture, chemical
processing, and electronics." Regarding physical hydrogels,
their main feature is a reversible transition between the gel
and solution (or liquid) states, as the gelation is based on non-
covalent chain-chain interactions such as hydrogen bonding,
n-1 stacking, van der Waals, charge transfer and electrostatic
interactions. Charged polymers, or polyelectrolytes (PEs), are of
fundamental and practical importance since many of them play
critical biological functions as well as being used in many
industrial fields, including food, packaging, paints and surface

“Sorbonne Université, CNRS, Laboratory of Physical Chemistry of Electrolytes and
Interfacial Nanosystems (PHENIX), 4 place Jussieu, F-75005 Paris, France.
E-mail: natalie.malikova@sorbonne-universite.fr

b Sorbonne Université, CNRS, Laboratoire de la Chimie de la Matiére Condensée de
Paris (LCMCP), 4 place Jussieu, F-75005 Paris, France

24994 | Phys. Chem. Chem. Phys., 2025, 27, 24994-25002

polymer backbone.’”® The term ionenes is further restricted to
positively charged PEs carrying a quaternary nitrogen group as
the charged center.’ Ionenes can form stable hydrogels thanks
to their considerable structural versatility, by introducing gel-
forming moieties, based on aromatic rings, into the ionene
structure (see Fig. 1)."*™*
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Fig. 1 Structure of polyl(dimethylimino) hexane-1,6 diyl(dimethylimino)-
methylene-1,4-phenylenecarbonylimino-1,4-phenylene-iminocarbonyl-
1,4-phenylenemethylene dihalide], X = Cl™ or F~ as counterions. lonene
solutions/gels based on this structure are denoted from now on as 6-Cl or
6-F ionenes, where 6 represents the number of methylene groups (CH)
between the two charged quaternary ammonium centres inside the
aliphatic chain of each monomer.
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In the context of this manuscript, hydrogels are considered
as a highly flexible and permeable matrix for the diffusion of
potential guest species,'® as is of highest pertinence for appli-
cations of hydrogels in drug delivery, tissue engineering or, to
start with, as models of extracellular matrix.'® In recent pub-
lications we have shown that the structure and rheological
properties of ionene gels is highly sensitive to the nature of
the ionene counterion (mainly halide counterions have been
studied). Not only does the counterion influence the critical
gelation concentration (CGC), but also the elastic modulus (G’)
of the gel."* The typical mesh-size of ionene gels is 20 nm, but
additional smaller mesh sizes were observed for ionene hydro-
gels with fluoride counterions. For conventional ionenes (no gel-
forming moieties present in the structure), it has been repeatedly
observed that chain-chain electrostatic interactions and the
chain rigidity are influenced by the nature of the counterion,
due to different degrees of “ion-specific screening”.'””* The
goal of this manuscript is to investigate, by means of NMR, firstly
the changes taking place in the local environment of the chains
and counterions (NMR chemical shifts), as we pass from the
solution/liquid to the gel phase and, secondly, the mobility of
the ionene chains and the counterions in ionene hydrogels (by
pulsed field gradient NMR), reflecting to some extent the flex-
ibility of the hydrogel matrix itself. This is an interesting step
prior to investigating the mobility of any guest species in these
hydrogels. Diffusion of molecules/colloids in flexible or fluctuat-
ing matrices is indeed influenced by the coupling between the
guest and host dynamics.”®

In broad terms, on the local, molecular scale, NMR gives
insight into the variation of the spin environment, via changes
in the chemical shift.*! This can be employed to study the
conformation and structure of polymer chains®? or evaluate the
association of ions and charged chains.”*** On a larger length
scale (10-100 pm), pulsed field gradient NMR (PFG-NMR) has
proven to be a valuable technique that probes the mobility of
ions or charged/uncharged polymer chains®®*” and has been
successfully applied to gels.'®?873*

2 Experimental section
2.1 Hydrogel preparation

All chemical reagents and solvents were purchased from Sigma-
Aldrich and VWR and used without further purification. Ionene
PEs were synthesized via a two-step reaction with a protocol
adapted from the one described previously'®'*** to obtain PE
chains with a structure as depicted in Fig. 1. In brief, step (a) of
the two-step reaction corresponds to the amidation reaction of
4-(chloromethyl)benzoyl chloride and p-phenylenediamine (in
the presence of triethylamine) in CH,Cl,. It yields 1,4-bis[4-
(chloromethyl)benzamido] benzene (refer to its "H NMR spec-
trum in Fig. S1 of SI). This is the aromatic part of the future
ionene monomer and has electrophilic benzyl parts at its
termini. In step (b) it is used as a dielectrophilic monomer
for the polymerization (poly-addition) reaction: equimolar
mixtures of 1,4-bis[4-(chloromethyl)benzamido benzene and
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N,N,N’ ,N'-tetramethyl-1,6-hexanediamine, as the dinucleophilic
monomer, were stirred at 80 °C for 48 h in DMF to give the
corresponding 6-Cl ionene PEs, as precipitates in high yields
(83-94% after purification). According to literature, the molecu-
lar weights of the resulting gel-forming ionenes are rather small,
less than 100 kDa (78 kDa indicated in ref. 10). The default
counterion of gel-forming ionene PEs is the Cl™ ion, other ions
such as F~ can be obtained by exchange dialysis. A solution of 6-
Cl at a concentration of 0.01 mol L™, lower than the critical
gelation concentration CGC (9.5 g L™', 0.016 mol L"), was
prepared by heating at 70 °C for 10 minutes to ensure complete
solubilisation and then cooling back to room temperature. The
solution was then introduced into the dialysis cassette Slide-A-
Lyzer with a cut-off of 10 kDa. The dialysis was carried out
3 times against 0.05 mol L' NaF solution for 24 h each. The
excess salt was removed by 5 successive baths of ultra pure water.
We checked that all the excess salt was removed by measuring
the conductivity of the bath (the conductivity was equal to the
one of ultra pure water after 5 successive baths). The contents of
the dialysis cassette was then collected and freeze-dried to
remove water. Solutions and gels at a given concentration were
thereafter prepared by measuring out the appropriate mass of
the freeze-dried samples. Thermogravimetric analysis on the
powder samples was performed to account for residual water
and thus correct the final solution/gel concentrations.

In the rest of manuscript we refer to the gel-forming ionenes
with CI” and F~ counterions as 6-Cl and 6-F respectively. We
already reported that the solubility in water as well as the
critical gelation concentration (CGC) of gel-forming ionene
PEs is strongly dependent on the nature of the counterion."
While 6-F ionenes are soluble in water at room temperature,
6-Cl ionenes are only partially soluble at room temperature. In
order to prepare ionene hydrogels, ionene PEs were dissolved/
dispersed in deionized water or D, O and heated up to 80 °C to
maximize the solubilization. For concentrations above CGC,
the gelation occurs upon cooling down to room temperature.
The gelation ability of the ionene polymers was tested by the
vial inversion method.

2.2 NMR and PFG-NMR measurements

All samples for NMR measurements were prepared in D,O
(Merck, 99.8%). The solutions were heated to 80 °C and
transferred to 5 mm NMR tube for analysis. The gels formed
directly inside the NMR tubes by cooling down to room
temperature. For both *H and *°F nuclei, chemical shifts, peak
intensity and self-diffusion coefficients (by PFG-NMR) were
measured. All NMR measurements were carried out at 18 °C.
At least 10 minutes were allowed for temperature equilibration
before collecting NMR data. Topspin 4.0.4 software was used
for processing all spectra.

PFG-NMR measurements were performed on a Bruker Avan-
celll 300 MHz (7.05 T) spectrometer, using a 5 mm BBFO probe
equipped with z-gradient coil providing a maximum gradient
strength of 50.8 Gauss cm™'. We used a stimulated echo
sequence (ledbpgp2s) with longitudinal eddy current delay
(Te = 5 ms) and bipolar smoothed-square shaped gradient
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pulses for the measurements of diffusion coefficients. 16 gradi-
ent increments, linearly spaced from 2% to 90% of the max-
imum gradient strength, were used. Self-diffusion coefficients D
for selected ions (F~), water and ionene PE chains were deter-
mined by fitting the integral of the echo obtained for variable
gradient strengths, using the Stejskal-Tanner equation®”

I=1(g=0)exp {(vgé)zD (A - g)} ®

where I is the observed integral for a given gradient strength g
(which includes the correction for the gradient shape), I,-o) is
the integral when the gradient strength equals zero, D is the self-
diffusion coefficient, y is the gyromagnetic ratio of the observed
nucleus (*H or *°F), § is the length of the gradient pulse (twice
the length of the bipolar pulses) and A is the diffusion time.
Experiments were conducted with diffusion time A ranging from
200 to 250 ms and the gradient pulse duration é was from 0.8 to
4 ms. For each measurement, A and 6 were chosen to achieve an
attenuation greater than 90% for the last gradient strength.

3 Results and discussion

3.1. 'H NMR: interactions and mobility of ionene chains in
liquid and gel phases

'H spectrum of a 8 g L™ (0.014 mol L") solution of 6F
modified ionene in D,O is shown in Fig. 2. The 'H spectrum
is consistent with previously reported results.'®'® For comple-
teness, the 'H NMR spectrum of 6-Cl modified ionene in
DMSO-d6/D,0 at 1/1 (v/v) is shown in the SI (Fig. S2), showing
sharper peaks in this higher quality solvent. For the remainder
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Fig. 2 Top: 'H NMR of 6-F ionene solution at 8 g L™* (0.014 mol L7,
300 MHz, D,O solvent). Aromatic protons (H,, He and Hy,) appear at chemical
shifts around 7—-8 ppm, while aliphatic protons (d to h) appear in the range of
12-4.6 ppm. The strongest peak at 2.8 ppm (d) corresponds to methyl
groups directly attached to the charged quaternary ammonium centers.
Bottom: A schematic drawing of the ionene structure, indicating the different
chemical environments for aromatic and aliphatic protons.
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of this manuscript, we are however interested in aqueous
solutions and gels of ionenes. For further purposes we distin-
guish two families of proton peaks in Fig. 2: (a) aromatic
protons (H, to H.) and (b) aliphatic protons (d to h), which
are depicted in the schematic drawing of the ionene structure
in Fig. 2 (bottom).

In the comparison of "H spectra of ionene solutions versus
ionene gels, we were particularly interested in the signal of the
aromatic protons. As reported in the literature, ionene gel
formation is based on the attractive chain-chain interaction
between the benzene moieties of the ionene monomer, parti-
cularly via n-r stacking."®"™" We therefore investigated whether
the signature of n—r stacking in the gel phase could be observed
via the chemical shifts of the aromatic protons. Fig. 3 features
the position of the peak corresponding to the Hy, family, which
in the solution phase is placed at 7.8 ppm. However, no visible
difference is observed in these aromatic proton shifts on
transition from the solution/liquid to the gel state, be it for
the 6-F or the 6-Cl system.

The lack of change in the chemical shift of aromatic protons
is at first sight surprising, though the literature reports upon
other systems, where shifts in aromatic protons are minimal,
while shifts in amide protons (due to hydrogen bond for-
mation) are much more significant.®® The next question is
whether we retain visibility of all the chains (and thus Hy,
family protons) once the gel phase is formed. Fig. 4 features
the integrals of the proton peaks corresponding to the Hj
family, as a function of the ionene concentration, spanning
both the solution/liquid and gel phase. Let us concentrate at
first on the 6-F data. In the solution phase, we see a clear linear
dependence of the integral with increasing ionene concen-
tration and at CGC a sudden drop to significantly lower values.
If we extrapolate the initial linear dependence into the gel
phase, we can estimate the expected integrals if all chains
(and thus Hy, family protons) were visible in the entire concen-
tration range. Once the gel is formed, we loose the NMR signal
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Fig. 3 H chemical shifts for aromatic protons (Hy, family), as a function of
ionene concentration. The vertical lines indicate the critical gel concen-
tration for each system, 0.017 mol L™* for 6-Cl and 0.036 mol L for 6-F.
The error bar is at most the size of the symbols.
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Fig. 4 Integrated intensities of NMR peak of the Hy, family, as a function of
6-F or 6-Cl ionene concentration in D,O. The grey and red regions
represent respectively the invisible and visible nuclei (i.e. chains) for the
6-F system.

from a significant proportion of the chains (from roughly 50%
at the CGC to over 80% at the highest 6-F ionene concentration
- see the grey shaded region in Fig. 4). In addition, we traced
the "H integrated signal as a function of time, over several tens
of hours (see Fig. S3 in the SI). Indeed, as gelation proceeds, a
signal loss is observed, with the most significant drop taking
place in the first 10 hours. Overall, Fig. 4 informs us that upon
gelation, a significant proportion of the ionene chains is lost to
solution NMR. These “immobilised” chains are forming the
cross-linked chain network, which is the basis of the gel
structure. The broadening and disappearance of signals corres-
ponding to polymer chains ("H NMR) on the solution/liquid to
gel transition has been observed several times in the past.**~>*
We show further in this manuscript that for polyelectrolyte
based hydrogels, an analogous immobilisation of the chain
counterions equally takes place for ionene-based hydrogels, as
they become involved in the formation of the chain cross-links.

The situation is somewhat different for the 6-Cl data in
Fig. 4, for which even in the solution phase the expected linear
dependence is not seen. We observe lower integrals than
expected already prior to CGC (taking the 6-F data as a
reference). This is linked to the poorer solubility of the 6-Cl
system in the water solvent. It is well known for ionene
polyelectrolytes, that fluoride counterions render the system
most soluble in water, in comparison to other halide ions.*®
The low peak integrals for the 6-Cl data series have thus two
origins, insufficient solubility of the 6-Cl system, on top of
which is added the effect of gelation beyond the corresponding
CGC (0.016 mol L™1).

Remaining with the signal of the aromatic protons (Hy, and
H,, H.), we used PFG-NMR to measure the corresponding self-
diffusion coefficient, taking it as a measure of the self-diffusion
of the visible ionene chains, in the solution and gel phases. In
all cases the PFG-NMR decays were fitted with a mono-
exponential decay. Overall, this leads to an estimate of an
average diffusion coefficient of all visible chains in the sample.
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Examples of the PFG-NMR decays are given in the SI (Fig. S4).
We note that while for some systems a mono-exponential fit
was satisfactory, for others a visible departure from mono-
exponential decay was observed. However, no clear trends as
a function of ionene concentration were detected. Any observed
departure from mono-exponential behaviour can be attributed
to several factors, including the heterogeneity of the hydrogel
network and thus a multi-mode diffusion (restricted diffusion
within certain regions of the hydrogel) or indeed chain length
polydispersity. Chain length polydispersity is indeed a known
issue for ionene based polyelectrolyte chains, and their poly-
dispersity index can be very high, reaching values of 2.'°
Similarly, sample heterogeneity is very likely, as shown by our
previous small angle X-ray scattering (SAXS) data, where two
different mesh sizes of the gel were revealed for the 6-F system,
as well as large scale heterogeneities for both 6-F and 6-CL.*?
More generally, in the study of complex polymer systems it is
common to observe a departure from a mono-exponential decay
of the spin echo signal.>***” A number of investigations*****° on
associating polymer systems show that the spin-echo attenua-
tion data can be well described by a stretched exponential,
reflecting an entire distribution of diffusion coefficients. When
departure from a mono-exponential decay was clearly observed
in our samples, we performed measurements with different
diffusion times and checked that the observation of two diffu-
sion coefficients were not related to an intermediate exchange
on the diffusion time scale (see Fig. S5 of SI).

Fig. 5 summarizes the self-diffusion coefficients of the
visible chains for 6-F and 6-Cl systems. Let us concentrate first
on the 6-F data set. Remember that in the 6-F solution, all the
chains are visible, while only some chains remain visible in the
6-F gel phase (refer back to Fig. 4). Fig. 5 shows no significant
drop in the diffusion coefficient at the CGC of 6-F, thus the non-
crosslinked, free (visible) chains in the gel phase diffuse
with the same diffusion coefficient as the free chains at
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Fig. 5 Self-diffusion coefficients of visible ionene chains as a function of
ionene concentration for 6-Cl and 6-F systems, in the solution and
gel phases. CGC for each system is represented by a vertical dashed
line. Horizontal dashed lines are guides to the eye. Measurements done
at 18 °C.
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concentrations below the CGC. For the two highest 6-F gel
concentrations the diffusion of the free chains is hindered and
slowed down by approximately a factor of 2. A similar trend is
seen for 6-Cl (no solution data is available), only the two highest
gel concentrations show a marked decrease in the diffusion
coefficient of the non-crosslinked, free (visible) chains. Impor-
tantly, the entire data set for 6-Cl is above that of 6-F. In other
words, irrespective of the concentration, the free chains diffuse
faster (by a factor of cca 2) in the 6-Cl gels than in the 6-F gels. A
side note is in place: since the 6-F system was obtained via
dialysis of the 6-Cl against NaF, we first considered that the
dialysis shifted the size distribution of the ionene chains
towards longer chains for the 6-F (short ionene chains lost in
ion exchange dialysis). However, we were able to discard this
scenario as even after dialysing 6-Cl samples, the non-
crosslinked chain diffusion in 6-Cl gels is still faster than in
6-F gels, see data set “6-Cl (dialysed)”.

We propose here two possible explanations for the faster
self-diffusion of the non-crosslinked chains in 6-Cl gels in
comparison to 6-F gels. The first is related to previous scatter-
ing studies and simulations on conventional ionenes (contain-
ing no aromatic moieties in the ionene structure), which have
shown a more dissociated form of counterions in the case of
F~, as opposed to all other halide ions, due to their different
hydration energies."”*>*! In contrast to all heavier halide ions,
F~ has the most negative hydration energy, the ion retains its
hydration shell in the vicinity of the ionene, behaves as a fully
solvated dissociated ion, thus maintaining a full charge on the
ionene backbone. For the heavier, more weakly hydrated halide
ions such as CI™ or Br, water molecules are stripped away on
approach to the ionene chain, a closer contact is possible, the
chain charge is screened more effectively and the chains are
more flexible. This renders F-ionenes (conventional and gel-
forming) indeed more water-soluble than any of their Cl™ or
Br~ analogues. The more significant counterion dissociation in
the case of F~ renders the chains more charged and thus more
rigid, which would lead to a decrease in their self-diffusion
coefficient observed by PFG-NMR. This was indeed already
observed in solutions of conventional ionenes."® The second
explanation is linked to the presence of a tighter mesh size
measured by SAXS for the 6-F gels, an effect accentuated at high
6-F gel concentration.'® A denser network of cross-links would
indeed also lead to a decreased chain self-diffusion coefficient
of the free non-crosslinked chains.

3.2. '”F NMR: interaction and mobility of chain counterions
in liquid and gel phases

Having highlighted the importance of counterion nature in
solutions and gels of ionenes, in this section we analyse the
local environment and self-diffusion of the fluoride counter-
ions in 6-F systems, '°F nuclei being highly abundant dipolar
nuclei, with easy NMR detection. As depicted in Fig. 6, the °F
NMR spectra of 6-F ionenes show a marked change upon
gelation. Note that all samples, below and above the CGC, were
subjected to an identical heat treatment (refer back to the
experimental section). In the solution state (0.003 to
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Fig. 6 Series of full *°F NMR spectra for 6-F ionene systems spanning the
solution/liquid and the gel state. CGC is indicated in red. The spectra were
shifted and rescaled in y axis for clarity.

0.028 mol L") a single sharp singlet is seen, appearing at
—122.0 ppm for the lowest concentration and shifting slightly
downfield as the ionene concentration increases (by 0.2 ppm
for 0.028 mol L™ *). Upon gelation (CGC marked in red in Fig. 6),
the spectrum shows a sudden downfield shift of 3 ppm and a
significant peak broadening. As the gel concentration
increases, further downfield shift is seen, as well as increased
peak broadening.

Fig. 7 summarizes quantitatively several important features
of the '°F spectra from Fig. 6, namely (a) the integral of the
fluoride peak, assessing the total/partial visibility of the entire
fluoride ion population, akin to Fig. 4 for the ionene chains, (b)
the chemical shift, compared to an NaF reference and (c) the
broadening of the peak, expressed as the T, relaxation time.
The NaF reference featured in Fig. 7 (top and center) corre-
sponds to NaF aqueous solutions at concentrations that match
the counterion concentrations in the corresponding ionene
solutions/gels. The ionene counterion concentration is obtained
by multiplying the ionene monomer concentration by two, since
there are two F~ ions per monomer (refer back to Fig. 1).

Fig. 7 (top) demonstrates clearly a decrease in the integrated
intensity for the 'F NMR peak for the two highest gel concen-
trations. The proportion of the invisible counterions above CGC
is lower than in the case of the chains (refer back to Fig. 4),
reaching only about 20% at the highest 6-F concentration. As
for the chains, a subfamily of the fluoride counterions becomes
immobilised within the gel and is no longer detectable by
solution NMR, though this happens not immediately at the
CGC, but for higher gel concentrations. It is interesting to
comment on the data of the NaF reference series. The NaF
data and the 6-F solution data fall indeed onto the same linear
“master” curve, which confirms unquestionably that all *°F
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Fig. 7 (top) Integrated intensities of NMR peaks for *°F nuclei as a function
of 6-F concentration in D,O. CGC is marked by a black dashed vertical line.
(center) Position of the singlet obtained in 1°F NMR spectra of the ionene
series and a reference NaF series, for which a narrow sharp singlet is
observed at all concentrations. Error bars are smaller than the symbol size.
(bottom) T relaxation time as a function of 6-F concentration, calculated
from FWHM of the '°F singlet. The red diamond marker presents the “true”
T, value obtained using Carr—Purcell sequence with Gill-Meiboom mod-
ification. Error bars represented by the symbol size.
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nuclei in the 6-F solutions are indeed visible, as was assumed
already for the case of the Hj, protons in Fig. 4. The loss of a
subfamily of fluoride counterions to solution NMR in the gel
region confirms previous observations of counterions being
involved in the chain-chain crosslinking in ionene-based gels.
Our study combining small-angle neutron and X-ray scattering
(SANS and SAXS) has indeed given evidence to counterions
being part of the cross-linking nodes. More precisely, SAXS
shows counterion-counterion correlation peaks at distances
corresponding to the inter-chain cross-links, suggesting that
the cross-links are “rich” in F~ ions.'>"® The literature suggests
that apart from n-m stacking of the aromatic moieties, chain-
chain crosslinks in ionene-based gels involve also cation-,
anion-n interactions, as well as indirect hydrogen bonding via
anions and the solvent.'®***? This is further corroborated by
comparing in detail the chemical shifts and relaxation times of
"F nuclei in the 6-F solution and gel phase, as discussed below.

Fig. 7 (center) compares the chemical shifts of the NaF
reference system and 6-F solutions/gels. Fig. 7 (bottom) pre-
sents the apparent transverse relaxation time 77, calculated
from the full width half maximum (FWHM) of the fluoride peak
m. Firstly, fluoride peak in 6-F solu-
tions has indeed an almost identical shift to the NaF reference
(a sharp singlet is observed in both). Upon gelation, the
environment experienced by '°F nuclei changes drastically: at
CGC, all fluoride counterions are still visible, but a downfield
shift of 3 ppm is seen, together with a significant peak broad-
ening, represented by a drop of the 7} by approximately one
order of magnitude. This attests to the drastic increase in local
interactions of the fluoride ions. Beyond CGC, an increasing
proportion of fluoride ions becomes simply invisible, while the
rest undergoes a further downfield shift and decreased T;
relaxation time. Other studies reported similar behaviour in a
physical hydrogel formed by the self-assembly of a fluorine-
containing dipeptide.** A weak deshielding effect on fluorine
signals was observed, due to the formation of halogen-hydro-
gen bonds through the fluorine atoms in the dipeptide. In
Fig. 6, we have also included a measurement of the “true”
transverse relaxation time T, using the Carr-Purcell sequence
for the gel sample at 24 g L' (T, ~ 20 ms). Due to magnetic
field inhomogeneities, 7 is shorter than the “true” T,. Thus,
in the solution state, T, has to be at least 100 ms. Consequently,
even if not measured for all concentrations, 7T, itself must
experience a drop of at least one order of magnitude between
the solution and gel states. The drop of relaxation time (or
increased relaxation rate) of polyelectrolyte counterions in the
presence of chain cross-linking has indeed been reported in the
past, for example in studies of cross-linked polystyrene sulfo-
nate, where the counterion was the quadrupolar *’Na
nucleus.*” While the relaxation mechanisms of dipolar nuclei
(*°F here) and quadrupolar nuclei are not the same, the
presence of dynamic constraints of the polymer chains has
the same qualitative effect on both types of nuclei.

'F PFG-NMR was equally used to measure the average self-
diffusion coefficients of fluoride counterions in the 6-F

according to T =
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Fig. 8 Self-diffusion coefficient of fluoride ions in the NaF reference
system and in 6-F solutions/gels. Measurements done at 18 °C.

solutions/gels and comparison was made to the NaF reference.
In the case of fluoride ions in the gels and in the NaF reference,
the decay of the signal in PFG-NMR was well described by a
mono-exponential decay (see Fig. S6 of SI). The data are
summarised in Fig. 8. The reference NaF system yields a
constant value of the fluoride ion self-diffusion equal to 9.6 +
0.2 x 107" m? s~ ", In 6-F solutions (all counterions are visible),
the fluoride ion diffusion reaches approximately 70% of this
reference value. At CGC (all counterions still visible), contrary
to the sharp drop of T3, no significant decrease in the fluoride
diffusion coefficient is observed. At higher 6-F gel concentra-
tions, the visible fluoride ions diffuse at 40% of the reference

?
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Fig. 9 Self-diffusion of water in 6-F and 6-Cl solutions and gels, normal-
ised to the bulk self-diffusion coefficient of HDO contained in D,O at 18 °C
(1.64 x 1072 m? s7Y). The secondary horizontal axis depicts the volume
fraction (¢) occupied by ionene (at 0.1 mol L™ this corresponds to 5.6%)
and serves to plot the prediction of the simple Maxwell obstruction model,
for which D/Dg = (1 — ¢)/(1 + ¢/2).%¢
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value, which is a similar percentage to that seen for the
diffusion of visible chains in the gel phase (refer back to Fig. 5).

3.3. Self-diffusion of water in ionene solutions and gels

In the case of water solvent protons, the decay of the signal in
PFG-NMR was well described by a mono-exponential decay (see
Fig. S7 of SI). Fig. 9 presents self-diffusion coefficients of the
water solvent in 6-F and 6-Cl solutions and gels. It is presented
as normalized to the bulk self-diffusion coefficient of HDO
contained in D,O at 18 °C (1.64 x 10~° m* s~ ). The secondary
horizontal axis depicts the volume fraction (¢) occupied by
ionene (at 0.1 mol L ™" this corresponds to 5.6%) and serves to
plot the prediction of the simple Maxwell obstruction model,
for which D/Dy = (1 — ¢)/(1 + ¢/2).*° This is considered as the
upper bound and indeed our data fall beneath this prediction.
No significant difference is observed for the 6-F and 6-Cl
systems and no abrupt decrease is seen at the CGCs. In light
of the literature on hydrogels, we do not consider the latter
observation as surprising, water solvent molecules indeed
retain much of their mobility on the transition from solution to
gel.31’35

At the highest ionene concentration, the water self-diffusion
coefficient falls to 70% of the bulk water value. In comparison
to the ionene counterions (decrease to 40% of the NaF refer-
ence value for the visible fluoride ions), this decrease is less
significant, attesting to the expected weaker interaction of
water with the ionene chains than for the counterions, which
take part in the chain-chain crosslinking. Weak interactions of
water with ionene chains in ionene-based hydrogels was pre-
viously seen by NMR relaxation measurement of water
protons.*” Tonene hydrogels shows low proton relaxation rates
between 0.33 s' and 0.4 s~ ', only slightly higher than the
relaxation rate of protons in bulk water (0.3 s~ '), and with a very
weak frequency dependence.

Conclusion

NMR ('H and '°F) was employed here to study the changes
taking place in aqueous systems of 6-F and 6-Cl gel-forming
ionenes, upon the transition from the solution/liquid to the gel
state. "H NMR signal of ionene benzene protons was taken to
probe the behaviour of the ionene chains, and, in the case of 6-
F systems, '°F NMR gave information on the chain counterions.
For the ionene chains, the most visible signature of gelation is a
significant loss of "H NMR peak intensity at CGC. This is the
clearest in the case of 6-F ionene, where good solubility in water
is guaranteed and all ionene chains are visible to "H NMR in
the solution phase. We interpret the signal loss as the onset of
chain-chain cross-linking (e.g. m-n stacking), which leads to a
fast NMR relaxation of the benzene proton nuclei and thus loss
of the '"H NMR signal to liquid state NMR detection. The
proportion of “invisible” ionene chains in the gel phase is
significant, it increases with ionene concentration and reaches
over 80% of the total signal at the highest gel concentrations
considered. The chains remaining visible in the gel state retain
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the same chemical shift. This is contrary to some observations
where a visible downfield/upfield shift of aromatic protons was
reported, as in gel-forming polyimide solutions,*® while others
report zero shift of aromatic protons and highlight a shift of
amide protons (due to hydrogen bonding).**

For the counterion behaviour (probed only for the case of 6-F
ionenes), gelation demonstrates itself at the CGC by (a) a
sudden downfield shift of 3 ppm of the '°F NMR peak and
(b) a drop in the "°F relaxation time (77, related to peak width)
by more than one order of magnitude, but all this without any
loss of peak intensity. Beyond CGC, further downfield shift is
observed as well as slightly lower relaxation time and now a
signal loss also appears (reaching only 25% at the highest gel
concentration). It is clear that as chain-chain cross-linking
takes place in ionene-based hydrogels, the mobility of the
chains as well as counterions decreases, leading to faster
relaxation and ultimately to signal loss for a given proportion
of chains/counterions. However, the changes are not as abrupt
for the counterions, as they are for the chains. We have indeed
previous SAXS data strongly suggesting that ionene counterions
are involved in the chain-chain cross-linking"® and mechanism
such as anion-rn interactions and indirect hydrogen bonding
via anions and the solvent have been suggested.'®**>*?

If we place ourselves in the fast exchange hypothesis,
exchange between “free” and “immobilized” chains/counterions
being faster than the NMR time-scale, all presented NMR obser-
vables (chemical shifts, relaxation rates and diffusion coefficients)
are a mole fraction weighted average of the two states.**° For the
case of the fluoride counterions, the NMR observable that seems
to be particularly sensitive to the difference between the two states
is the transverse relaxation rate (inverse of the T, relaxation time),
which is consistent with literature.*”> To proceed further in
applying the fast exchange model, we lack however information
on the mole fractions for each of the states. At this stage it is not
clear whether in order to interpret simultaneously the integral
loss, the displacements of the chemical shifts and the relaxation
rates, it is necessary to evoke a model with two states, or indeed
three. NMR measurements based on saturation transfer differ-
ence would be most helpful to make visible the fraction of fluoride
counterions (and chains) lost to solution state NMR.>*”" Equally,
it would be interesting to extend our observations to HOESY
measurements, which indicate which pairs of nuclei are commu-
nicating in the NMR sense of the term (ie. close in space), in
particular for the couple "H-"°F.

Changes in diffusion coefficients for the visible ionene
chains and counterions around the liquid-gel transition are
not spectacular, in comparison to the loss of signal for the
chains and the drop in relaxation times for counterions at the
CGC mentioned above. In the gel phase, the visible chains and
counterions diffuse with a diffusion coefficient lower than in
the solution phase by a factor of 2 at most. One interesting
observation is the systematically slower chain diffusion in the
6-F solutions and gels, as opposed to 6-Cl (a factor of 2). This is
attributed to two reasons. First the more dissociated form of
counterions in the case of F~ as opposed to all other halide ions
observed by previous scattering and simulations studies of
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17-19,41 Thig dissociation of

solutions of conventional ionenes.
F~ ions renders the chains more charged and thus more rigid,
lowering their diffusion coefficient as is the case for solutions
of conventional ionenes."® The second reason is linked to the
presence of a tighter mesh size measured by SAXS for F-ionene
gels, a phenomenon that is accentuated as the gel concen-
tration increases.” A denser network of cross-links would
indeed also lead to a decreased self-diffusion coefficient of
the free non-crosslinked chains within such network. As the
faster diffusion of 6-Cl chains is present across the entire
concentration range, the first explanation evoking chain rigid-
ity carries more weight. Finally, diffusion of water solvent in
ionene gels decreases down to 70% of the bulk water value at
the highest gel concentrations. This is below the upper bound
predicted by the Maxwell model, but attests to relatively weak
water-ionene interactions, as suggested by previous frequency-
dependent NMR relaxation measurements.*’

Overall, NMR measurements on ionene chains and counter-
ions have allowed us to characterise the matrix dynamics in
ionene-based gels and highlight the differences brought by the
nature of the counterion, for which these gels are known for.
The next step is to investigate how the matrix chain rigidity in
ionene gels with different counterions could influence the
diffusion of guest species (charged molecules or colloids), with
a size both above and below the typical ionene gel mesh-size
(around 20 nm).">™
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