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Abstract

Tuning at will the properties of gel forming systems is of key relevance for many
biotechnologies, agricultural and biomedical applications. For polyelectrolyte-based
gels, ion specific effects can be an attractive way for this purpose. This study inves-
tigates the counterion specific effect on the microscopic structure and the rheological
properties of a physical hydrogel formed of ionene-type cationic polyelectrolytes. The
focus is on two monovalent halide counterions (F~ and Cl7) and a divalent counterion

(SOi_). A strong counterion specific effect appears within ionene based gels. In the



case of halide counterions, gelation is more effective for more weakly hydrated counte-
rions. Indeed, strongly hydrated counterions maintain electrostatic repulsions between
the chains and as a consequence gel formation is shifted towards higher concentrations
(higher critical gelation concentration, CGC). The combination of the complementary
small angle X-ray and neutron scattering (SAXS, SANS) techniques reveals a strong
contribution of ion-ion correlations in the structure of the gel network. Contrary to
chloride gels, which present a single correlation length characterizing the distance be-
tween the cross-linking nodes, fluoride gels present an additional network of nodes.
This is accompanied by a very rapid increase of the elastic modulus of fluoride gels,
once CGC is reached. With divalent counterions, the gelation is even more remarkable
with a lower CGC and a higher elastic modulus at equivalent polyelectrolyte concentra-
tions. The presence of divalent counterions favours the association of chains, probably
by a bridging effect. This evokes the "egg-box" model and the characteristic scaling
of the elastic modulus with reduced gel concentration confirms this. However, only
a narrow concentration window for gel forming exists for divalent counterions, before

precipitation takes over due to too strong attractive chain-chain interactions.

Introduction

Hydrogels are a class of soft materials that have recently attracted significant attention espe-
cially for agricultural,! super-absorbent,? biotechnologies® and biomedical applications.*® In
particular, physical hydrogels which present non-permanent cross-linking bonds exhibit re-
sponsiveness to external stimuli, allowing for the control of their physicochemical properties
for further applications such as drug delivery systems.®® In this study, physical hydrogels
are based on polyelectrolytes, i.e. charged polymers. The use of polyelectrolytes allows
us to tune the hydrogel properties by changing the nature and the valence of the counte-
rion. Here, we used ionenes, a group of cationic polyectrolyte with pH independent charge

based on quaternary ammonium charged centres separated by carbon chains® (Figure 1 (A)).



[onenes possess a charge density that is regular along the chain and tuneable by synthesis
which enables them to be considered as a model system. While conventional ionenes do
not form gel, the introduction of aromatic and amide moieties into the ionene backbone
open the possibility of hydrogelation,1%! see Figure 1 (B). Moreover, it has been shown
in the literature that these modified ionenes exhibit antimicrobial properties'? which made
these systems suitable for biomedical applications. Hydrogels based on modified ionenes are
formed through a combination of electrostatic repulsions, hydrogen bonding,'* 7-7 stacking,
anion-7 and cation-7 interactions, 't see Figure 1 (C).

Ion-specific effects have been investigated in the literature for many years but are still a
challenging topic.'* Ton-specificity cannot be accounted for by purely electrostatic theories,
the effects of individual ions are a complex combination of their valence, polarisability, ge-
ometry and hydration properties.!* 6 Ion-specific effects on gelation mechanism have been
already investigated in the literature in salty media.'”™2® Only a few studies focus on the
counter-ion specific effects in non-salty media. Mostly, the effect of the valence of the counter-
ions has been highlighted, evoking the "egg-box" model for biopolymer gels containing di-
valent ions.?"?? In conventional ionene solutions, striking counterion-specific effects have

d??*2% with divalent counterions but also between monovalent counteri-

already been observe
ons which is quite an original feature: in this context, the chemical nature and not only the
valence of the counterion could have a drastic effect on the structure and the macroscopic
properties of the gel. Moreover, considering that counterion-specific effects are more pro-

26,27 modified ionene

nounced for the case of positively charged chains surrounded by anions,
based hydrogels appear to be ideal systems to explore these effects. The gel-forming ionene
used is the 6-X modified ionene (6-X) represented in Figure 1 (B). The chloride counterions
(X = Cl7) are the ones obtained by synthesis. Counterion exchange is made by dialysis.
Fluoride (X = F~), another halide counterion, and a divalent counterion (X = SO;") are

investigated here. To determine the nanoscale structure of these gels, we used a combination

of small angle X-ray and neutron scattering (SAXS and SANS) techniques by taking advan-



tage of the different contrasts of the polyelectrolyte chains and the counterions available with
these two beam sources, and at the same time by choosing the appropriate solvent (DO or

H,0). The macroscopic properties are investigated by rheological measurements.
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Figure 1: (A) Structure of a linear conventional ionene, y and z representing the number
of methylene groups linking the charged quaternary ammonium centers. X~ represents the
counterions. (B) Structure and typical lengths of the 6-X modified ionene (6 representing
the number of carbons between two charged quaternary ammonium) composed of charged
and aromatic blocks (in green and orange respectively). X~ represents the counterions. (C)
Interchain physical interactions necessary for gel formation in the case of modified ionenes:
hydrogen bonding, 7-7 stacking, (N*)-7 and anion-7 interactions, as well as indirect hydro-
gen bonding via counterions and water molecules.

Experimental section

6-Cl modified ionene (6-Cl) and precursor synthesis

The 6-Cl and its precursors were synthesized by a two-step reaction with a protocol ad-

justed from the one described previously,'? as detailed in.'® The chemical reagents were all



purchased from Sigma-Aldrich and used without additional purification. The solvents were

purchased from Sigma-Aldrich or VWR.

First step: synthesis of the precursor 1,4-bis-[4-(chloromethyl)ben-zamido]benzene

The vials used were all dried in an oven at 80°C 24h before use. p-phenylenediamine (1.08
g, 10 mmol, 1 eq) was dissolved in freshly distilled dichloromethane (100 mL) in a 250 mL
round-bottom flask with a magnetic stirrer and placed under an inert argon atmosphere. The
solution of p-phenylenediamine in the round-bottom flask was then cooled down to 0°C via
an ice-water bath and triethylamine (3.5 mL, 25 mmol, 2.5 eq) was added. A solution of 4-
(chloromethyl)benzoyl chloride (3.78 g, 20 mmol, 2 eq) dissolved in distilled dichloromethane
(70 mL) was inserted drop-wise with an isobar dropping funnel. After the addition, the ice-
water bath was removed, and the system was stirred at room temperature for 24h to ensure
full conversion. The obtained white precipitate was vacuum filtrated and then washed with
distilled water (2 x 80 mL). The product was dried under vacuum at 90°C. The product was
obtained in high yield (85%). Structural analysis was carried out by "H-NMR in DMSO-ds.

Second step: synthesis of 6-Cl

1,4-bis-[4-(chloromethyl)benzamido|benzene (2.06 g, 5 mmol) was dissolved in dimethyl-
formamide (200 mL) at 80°C in a 500 mL round-bottom flask with a magnetic stirrer.
N,N,N’ N’-tetramethyl-1,6-hexanediamine (1.07 mL, 5 mmol) was then added. The mixture
was stirred at 80°C for 48h. The obtained yellow precipitate was vacuum filtrated and washed
subsequently with dimethylformamide (100 mL), acetonitrile (100 mL) and dichloromethane
(100 mL). The product was dried under vacuum at 50°C. The 6-Cl was obtained in good
yield (75%). Structural analysis was carried out by 'H-NMR in D,O. The average molecular

weight of the 6-Cl was previously determined as 7.84 10* Da.!?



Counterions exchange and formation of 6-X modified ionene hydro-

gels

The exchange of counterions obtained by synthesis (Cl7) with other counterions was per-
formed by dialysis. A solution of 6-Cl at a concentration of 0.01 M, lower than the critical
gelation concentration CGC (10g/L, 0.017 M) were prepared by heating at 70°C for 10 min-
utes to ensure complete solubilisation of the 6-Cl in water 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 M of the corresponding
salts (NaF or NaySO,) solutions for 24h 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.

The 6-X hydrogels were then formed by heating the 6-X modified ionene solution at 70°C (X
= CI7, F7) or at 90°C (X = SO7") for 10 minutes followed by cooling to room temperature.
The CGC of the 6-X hydrogels were determined via vial inversion method and rheology

measurements.

Small Angle X-ray Scattering (SAXS)

SAXS experiments were performed on the SWING beamline in SOLEIL synchrotron (Orsay,
France) at a fixed energy of 16 keV. Two sample-to-detector distances of 0.5 m and 6 m
were used, allowing to have a scattering wave vector (q) range of 0.002 Al<cqg<2A-L,
Cylindrical glass capillaries of 1 mm in diameter were filled with the sample in the solution
state (at 70°C) and flame sealed. The hydrogels are then formed inside the capillaries by
cooling down to room temperature. Two-dimensional scattering patterns were recorded on

an Eiger 4M (Dectris) detector. The values of the scattering length density and the contrast



of the main components of the system will be presented later in this article. The size of
the symbols of the SAXS curves reflects the errors bars. SAXS data are presented only
in arbitrary units, passage to absolute units was unsactisfactory due to technical problems

throughout the experiment (variations in capillary diameter).

Small Angle Neutron Scattering (SANS)

SANS experiments were performed on the D22 spectrometer at the Institute Laue-Langevin
(ILL) (Grenoble, France) and on the PAXY facility at the Laboratoire Léon Brillouin (LLB)
(CEA Saclay, France) under the condition of full contrast (in D,O solvent). On the D22
spectrometer, two different sample-to-detector distances of 3 and 17 m were used. The q
range available was thus 0.002 A~! < q < 0.6 A=*. On PAXY, three different sample-to-
detector distances of 1, 3 and 5 m were used together with a neutron wavelength of 4, 5
and 8.5 A respectively. The q range available was thus 0.006 A~ < q < 0.6 A~1. SANS
measurements were carried out with samples inside quartz cells of path length of 2 mm.
The values of the scattering length density and the contrast of the main components of the

system will be presented later in this article.

Rheology

Rheology measurements were conducted on a strain-controlled rheometer, ARES TA instru-
ments (LS1) equipped with a cone-plate geometry of 20 mm in diameter, an angle of 0.04
rad and a gap of 0.043 mm at 25°C. The samples were introduced into the rheometer one
day after gel formation. The gel texture is not solid but rather soft and spreadable and
the sample holder (plate geometry) was easily filled with the gel using a spatula. Then, the
cone-plate gap was set to 0.12 mm and the excess of the sample at the edges of the cone
was removed. Lastly, we fixed the gap at 0.043 mm for the measurements. We observed the
presence of a slight excess of the gel at the edges which indicated a good filling of the gap.

First, a short strain sweep at 1 Hz was performed to identify the linear viscoelastic plateau.



Then, a frequency sweep was performed in the linear viscoelastic regime at 1% in strain in a
pulsation range from 1 to 100 rad/s. Finally, a strain sweep at 1 Hz was performed from 0.1%
to 100% (ramp up) and from 100% to 0.1% (ramp down). The duration of the measurements
was less than the sample drying time. When the measurement was longer, the geometry was
protected by a hermetic cell to avoid the drying of the sample. Fach measurement was at
first repeated twice with two extracts from the same sample to check the homogeneity of the
system. For the same sample the measurement from the two extracts was very reproducible
(less than 2% deviation). The final data points are an average of two independent measure-
ments for each sample (deviation between 5% and 10%). The elastic modulus values (G’)

are extracted from the average G’ values of the flat profile in the frequency sweeps.

Results and discussion

Gelation mechanisms of modified ionene hydrogels are multiple and complex processes that
have been partially described in the literature by Misawa et al.,'® Yoshida et al.,?® Bachl

' and recently by our team in a previous article.'® The main mechanisms proposed

et a
are hydrogen bond interactions between amide groups, m-7 stacking interactions and (NT)-7
cation interactions as well as electrostatic interactions. It has been assumed that hydrogen
bonds between the amide functions are formed indirectly from interactions with chloride
counterions and water molecules (Figure 1). The nature of counterions could thus play a

predominant role in the gelation mechanism. We choose to work with two halide counterions

(Cl~ and F~) and also to compare with a divalent counterion (SO™).

Counterion effects on the macroscopic properties

The counterion specific effect on ionene-based gels was first investigated on macroscopic
properties. For all counterions studied and for all concentrations investigated, modified

ionene hydrogels exhibit a viscoelastic behaviour. In the linear domain, the elastic modulus



G’ is always a decade higher than the viscous modulus G” and they are both independent
of the frequency as shown in the frequency sweep in Supporting information Figure S1 (A),
a typical feature of a gel. As a function of strain, the systems exhibit a linear viscoelastic
plateau at low strains (less than 1% in strain) for which the modified ionene gels have an
elastic behaviour (see the strain sweep and the evolution of stress as a function of strain
in Supporting information Figure S1 (B)-(C)). Above a threshold stress (from 3% to 25%
in strain), the modulus G’ decreases sharply with deformation and becomes lower than the
modulus G”: the gel is destructured and flows.

The evolution of the elastic modulus G’ as a function of the 6-X modified ionene con-
centration (Cg_x) in the linear domain is shown in Figure 2 (A). Cg_x is in moles of repeat
unit presented in Figure 1 (B), each repeat unit containing two charges. We ensured that
dialysis had no influence on the rheological properties of the system by performing rheology
measurements on 6-Cl hydrogel with non-dialysed and dialysed 6-Cl (see the evolution of G’
as a function of concentration with non-dialysed and dialysed 6-Cl in Supporting information
Figure S2). The elastic modulus values overlap well for both systems. The first remarkable
difference between the studied counterions is the critical gelation concentration (CGC) of
the corresponding gels. The CGC is different for each counterion and evolves as follow: CGC
(6-F) = 0.035 M (20 g/L) > CGC (6-Cl) = 0.017 M (10 g/L.) > CGC (6-SO4) = 0.007 M
(5 g/L). Moreover, the values of G’ are much higher for 6-SO,4 than for 6-Cl and 6-F at the
same concentration. At 0.035 M for example, the order of magnitude of G’ is ~ 5000 Pa for
6-SO,4, ~ 400 Pa for 6-Cl and only ~ 1 Pa for 6-F. However, from 0.04 M, 6-SO,4 no longer
forms a gel and precipitates, as a result of too strong attractive chain-chain interactions.

For all three counterions, the evolution of G’ as a function of the 6-X concentration
is described by a power law, with a different characteristic exponent for each counterion.
Indeed, G’ ~ ¢* for 6-Cl and G’ ~ ¢ for 6-SO, while for 6-F, G’ shows a fast increase
represented by the dashed line in Figure 2 (A), between 0.035 M and 0.07 M. At 0.07 M

in 6-F, a break in the slope appears. Beyond this critical point, the evolution of G’ as a



function of concentration becomes as G’~ ¢*®, between 0.07 M and 0.1 M.
For systems that exhibit a sol-gel transition, it is relevant to plot the curves of the elastic
modulus as a function of reduced modified ionene concentration Cg_x - CGCs_x to describe

t29. Using such treatment in Figure

the elastic behavior in the vicinity of the transition poin
2 (B), the data assemble on a single master curve for monovalent counterions at high reduced
concentration where G’ exhibit a power law dependence?®® such as G' ~ (Cg_x - CGCg_x )25,
whereas at low reduced concentration the G’ values seems to deviate as expected in view of
Figure 2 (A). The exponent of 2.6 is close to the predicted value of 2.67 correponding to a
sol-gel transition where the gelation process obeys the percolation model3' 3% based on the
Rouse description.?* For the divalent counterion, the exponent of 2 is close to the predicted
value of 1.94 related to the electrical network model.3! 33 Systems with structures consistent
with the egg-box model (ionic cross-linking with divalent cations) have indeed been reported

to follow the electrical network model in their elastic properties.3®
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Figure 2: Evolution of the storage modulus G’ of the hydrogel as a function of (A) the concen-
tration of modified ionene Cq_x with different counterions and (B) the reduced concentration
Cs_x-CGCq_x, CGC being the critical gelation concentration, with different counterions.

Structure of the gel network as a function of the nature of the coun-
terion

It is most relevant to explore now the effect of the counterions on the microscopic structure
of the gels formed, in light of their very different rheological properties. Various studies have

already highlighted the specific effect of counterions on the behaviour of linear conventional
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ionene chains in solution. Cebasék et al3®

showed that the enthalpies of mixing between
conventional ionenes and salts can be positive or negative depending on the nature of the
counterion. In the case of the fluoride counterion, the reactions are endothermic while they
are exothermic with bromide. In this context, Malikova et al?®?* have studied this effect
on the structure of linear conventional ionenes in solution in the semi-dilute regime. The
small angle neutron scattering study shows the presence of a correlation peak, the so-called
polyelectrolyte peak, characteristic of the presence of chain-chain electrostatic repulsions in
the system. The presence of more weakly hydrated, polarizable counterions (C1~, Br~ and
[7)? leads to the progressive disappearance of the correlation peak on the scattering curves
when the ionene concentration is increased. Only the linear ionene with the counterion
F~ preserves a well-defined polyelectrolyte peak over the same concentration range studied.
Thus the disappearance of this peak is not due to a change in the concentration regime but
due to a specific effect of the counterions. In the case of polarizable monovalent counterions,
it is suggested that the absence of the peak is due to partial "condensation" of counterions
onto the ionene backbone, leading to screening of repulsions between the chains. For the
divalent counterions SO~ and C,03%™, the absence of a polyelectrolyte peak could be due to
a bridging effect of counterions between the ionene chains,®” a phenomena already observed
for others charged systems.3" 3"

The structure of the 6-Cl modified ionene solution and gel are different from the one
of conventional ionene solutions as already described in a previous paper.'? Figure 3 (A)
displays the scattering intensity of a 6-Cl solution at 70°C and gel at room temperature
after the heating-cooling process at 0.051 M. In the middle-q region, the scattering intensity
evolves as I ~ q 72, a typical feature for polymer systems, be it for solutions or gels.’® At low

q region, an upturn in the scattering intensity is observed which is associated with large-scale

heterogeneities, very often seen for polyelectrolytes and gels.*!
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Figure 3: (A) Scattering intensity I(q) as a function of the wave vector q and (B) Kratky
plots (q?I(q) as a function of the wave vector q) for the 6-Cl hydrogel (RT) and the 6-C1
solution (70°C). (C) Scheme illustrating the two characteristic lengths of the gel network.
(D) Scattering intensity I(q) as a function of the wave vector q by SAXS and SANS for the
6-Cl1 hydrogel at 6-Cl 0.051 M. The peak marked by a star on the figure corresponds to a
parasitic reflection arising from the Kapton polymer used as a window material. (E) and (F)
Kratky plots by SAXS and SANS for the 6-Cl modified ionene hydrogel at 6-CI 0.051 M.
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The scattering curve of the 6-Cl gel in Figure 3 (A) presents a broad peak around 0.03 A~
and a shoulder around 0.1 A~ Regarding the former, it is not a well defined polyelectrolyte
peak but on the other hand, the scattered intensity cannot be fully described by an Ornstein-
Zernike (OZ) function (I = H{%)Q, = being the correlation length of the system)?? which
is traditionally used to describe the typical behaviour for uncharged polymer solutions and
gels. 404344 Tn other words, in this polyelectrolyte gel the electrostatic chain-chain repulsions
compete with attractions between the "aromatic" blocks in the chains, leading to a "weak"
polyelectrolyte behaviour. As the counterions are involved in both the electrostatic chain-
chain repulsion (through screening) and in the attractive interactions (see again Figure 1
(C)), the system is indeed very sensitive to the counterion nature.

Regarding the shoulder around 0.1 A~', this contribution is already present in the 6-
Cl solution at high temperature, as is seen in the scattering curve in Figure 3 (A). This
observation leads to the description of the scattering intensity of the gel in terms of two

distinct contributions:*

one due to thermal concentration fluctuations corresponding to
the scattering intensity of the polymer solution, and an excess scattering intensity due to
heterogeneities introduced by cross-linking. From this two contributions, we can extract
two characteristic correlation lengths related to the polymer network in the gel. The Kratky
representation displayed in Figure 3 (B) reveals in the best way the values of these correlation
lengths. The first peak in the low q region, around 0.03 A-! characterises the distance
between the cross-linking nodes. The mesh-size of the gel due to these nodes is thus estimated
as = = z—f = 21 nm, ¢* being the value of the maximum of the peak. The second peak around
0.1 A~' characterises the chain-chain correlation due to thermal concentration fluctuations
already present in solution before gelation.?® This correlation length is estimated as ¢ = 6
nm. These two correlation lengths are depicted schematically in Figure 3 (C).

For this study we aimed to take advantage of both small angle X-rays and neutron

scattering techniques to describe the structure of the hydrogel as a function of the nature of

counterions. The scattering curves from SAXS and SANS shown in Figure 3 (D) for a 6-Cl
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gel display very similar profiles (curves in arbitrary y-units). When plotting the Kratky plots
q*I(q) of the SAXS and SANS curves (Figure 3 (E) and Figure 3 (F)), it can be seen that
the two correlation peaks present different relative intensities. Indeed, the first correlation
peak corresponding to the correlation length = is much more intense in SAXS curve while the
second correlation peak is better visible in SANS curve. The mesh-size of the gel = is located
at similar q values in SAXS and SANS curves whereas the correlation length ¢ is located
at lower q values by SAXS compared to SANS. This feature has already been observed in
polyelectrolyte solutions and is attributed to differences in the intra-molecular interactions
that can be seen between SAXS and SANS due to the different contrasts.*” In small angle
scattering, the scattered intensity I(q) by polyelectrolytes is composed of both the signal of

the chains and the signal of the counterions as follows:

1(q) = (Ap)2Smm (@) + (Ap)2Sec(q) + 2(Ap)m(Ap) eSem(q) (1)

Where S,,,,,(q), See(q) and S, (q) are respectively the monomer/monomer, counterion /counterion

and counterion/monomer partial scattering functions.3”47 Table 1 gives the contrast values

2
6im>

of the modified ionene monomer (Ap)g,,., the (Ap)x(Ap)eim values and the contrast values
of the different counterions (Ap)% in heavy water (for SANS) and in light water (for SAXS).
The respective contributions of the different partial scattering functions are weighted by the
contrasts of the monomers and the counterions. Thus, from the contrast values it is possi-
ble to estimate the relative strength of each contribution. The relative proportions of the

contrasts to the total scattering intensity for the 6-Cl gel are given in Table 2.

Table 1: Values of the contrast (Ap?) (cm™) for the 6 modified ionene monomer and the
several counterions as well as the (Ap)x(Ap)eim values with HoO and D2O in SAXS and
SANS respectively.

(AP)Gim | Bo)g— | G- | An)ga— | (Bo)oi-(Bp)sim [ (Bp)p-(Bp)sim | (Ap)gg2-(Ap)sim
4
SAXS (solvent: H20) 3.8 1019 | 1.4510%T | 7.45 1020 7.2 1079 2.3 1020 1.7 1020 5.2 1019
SANS (solvent: D20O) 2.5 1020 | 1.4 1071 1.3 1021 2.2 1071 1.9 1021 1.8 1021 2.35 1021

The scattering intensity in SAXS thus comes mainly from the contrast of the chloride
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Table 2: Relative proportions of contrast to total scattering intensity in SAXS and SANS
for the 6-Cl, 6-F and 6-SO,4 modified ionene hydrogels.

6-C1 %(Ap)gim | %(Ap)Z,- | %(Ap)ci- (Ap)sim
SAXS (solvent: H20) 2% 5% 23%
SANS (solvent: D50) 33% 18% 49%
6-F %(Ap)gim | (D)5 | B(Ap)p-(Ap)sim
SAXS (solvent: H20) 3% 67% 30%
SANS (solvent: D20) 33% 18% 49%
550, o | Tz | o5 Bl
SAXS (solvent: H20) 18% 34% 44%
SANS (solvent: D50) 27% 24% 49%

counter ions with water (at 75%) while in SANS the scattered intensity comes mainly from
the monomer/monomer and monomer/counter ion correlations. In SAXS, the peak corre-
sponding to the gel mesh size = is much more intense than the one corresponding to the
inter-chain distance &. This points clearly towards the chloride counterions being heavily
involved in the formation of the mesh of the gel. The correlation length £ mainly involves
monomer,/monomer and monomer /counterion correlations.

The SAXS and SANS scattering intensities of the modified 6-F ionene hydrogel (0.054
M) are plotted Figure 4 (A)-(C). With fluoride counterions, three different correlation peaks
are now observed: a first one around 0.027 A1, a second one around 0.058 A~! and a third
one around 0.11 A=!. The third correlation peak observed in the gel is attributed to the
inter-chain correlation length £, estimated to be around 6 nm because we observed the same
correlation length in the corresponding high-temperature solution (the scattering intensity
and the Kratky plot of the high-temperature solution are presented in Figure S3). Thus
the first two correlation peaks are assigned to two correlation lengths =; and =, related to
the gel mesh of 23 nm and 11 nm respectively. Comparing the SAXS and SANS Kratky
plots of the same gel (Figure 4 (B)-(C)), the second correlation peak corresponding to =5 is
more pronounced in SAXS than in SANS. According to Table 2, in the same way as for the

chloride counterions, the scattered intensity in SAXS comes mainly from the contrast of the
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fluoride counterions with water (at 67%). In SANS, the scattered intensity comes mainly
from the monomer/monomer and monomer/counterion correlations. Thus, the correlation

length =, extracted from the second correlation peak is related to the F~-F~ correlation

within the gel.
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Figure 4: (A) Scattering intensity as a function of q and (B)-(C) Kratky plots (q*I(q) as a
function of the wave vector q) by SAXS and SANS respectively for the 6-F modified ionene
hydrogel at 0.054 M. (D) Scattering intensity as a function of q and (E)-(F) Kratky plots by
SAXS and SANS respectively for the 6-SO, modified ionene hydrogel at 0.01 M. The peak
marked by a star on the figures corresponds to a parasitic reflection arising from the Kapton
polymer used as a window material.

The scattering intensities of the SAXS and SANS curves of the modified 6-SOy4 ionene gel
(0.051 M) are shown in Figure 4 (D)-(F). The curves are very similar for the two scattering
techniques. This is due to the fact that the relative proportions of the contrasts to the total
scattering intensity are similar in SAXS and SANS (see Table 2). In the same way as for
the 6-Cl gel, two correlation peaks can again be distinguished. The first peak at 0.026 A~
is attributed to the correlation length =, estimated at 23 nm. A second peak at 0.07 A~
corresponding to a distance of 9 nm is also observed. It is difficult to determine whether this
correlation peak corresponds to a distance associated with the gel mesh or to an inter-chain
distance as we will see later on. We will refer to this distance as =5 in the following.

We now look at the evolution of the structure of the modified ionene gels as a function
of the polyelectrolyte concentration, see Figure 5 (A) to Figure 5 (H). We observe for the
6-Cl gels that the first peak evolves towards larger q values, i.e. the gel mesh = decreases
when increasing the concentration of modified ionene (Figures 5 (A)-(B) and 5 (G)). The

0.4

length & evolves with a power law as & ~ ¢~ %%, which corresponds to the typical concentra-
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tion behaviour of a polyelectrolyte solution in the semi-diluted regime®® (¢ ~ ¢7%% in that
case) (Figure 5 (H)). The two correlation peaks become increasingly intense with increasing
concentration. For 6-F gels, the longest correlation length =; also decreases with increasing
concentration as seen in Figures 5 (C)-(D) and (G). A weaker dependence is seen for =,.
What is especially remarkable is that the second correlation peak related to =, becomes
increasingly more intense, as the polyelectrolyte concentration increases. The intensity evo-
lution of the two peaks corresponding to =; and Z, eliminates the hypothesis that these
two peaks are overtones of each other. The closest picture we propose is the presence of
two types of domains in the gel, corresponding to the two different =. The domains with a
denser mesh become dominant as the 6-F concentration increases. The length ¢ follows the

same trend as for the 6-CI gels.
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Figure 5: (A)-(F) Scattering intensity and Kratky plots (q?I(q) as a function of the wave
vector q) for modified ionene hydrogels at different modified ionene concentrations by SAXS
for C1~ and F~ counterions and by SANS for SO}~ counterion. The curves (B), (D) and (F)
are shifted along the y-axis for a better visualization. (G)-(H) Evolution of the gel mesh size
= and the inter-chain distance ¢ as a function of modified ionene concentration for the three
counterions studied. The peak marked by a star on the figures corresponds to a parasitic
reflection arising from the Kapton polymer used as a window material.

Overall, the length Z; (6-F) is larger than the length = (6-Cl) while the length =5 (6-F)
is smaller than that of 6-Cl as depicted in Figure 5 (G). When concentrating the system,
the smaller distance =, within the 6-F gel mesh overrides the larger characteristic length
=1. The emergence of this smaller distance could explain the rapid evolution of the elastic
modulus (dashed line in Figure 2 (A)) of the 6-F gel compared to 6-Cl (G’ ~ ¢*) once the
CGC of 6-F is reached, and up to 0.07 M (Figure 2 (A)). A second denser network is then
present, observed only for the gel with the fluoride counterion. Beyond this critical point, the
evolution of G’ as a function of concentration becomes similar to that observed for the other
two counterions, with G” ~ ¢*5. At the same time, we notice that the peak corresponding
to 2 (6-F) starts to shift towards larger values of q. The =, length then decreases from 11
nm to 9.5 nm. The beginning of a behaviour similar to the one of 6-Cl is then observed, i.e.
a decrease of = with the increase of the modified ionene concentration. To confirm this, it

will be necessary to measure the scattering intensity of 6-F gels at higher concentrations of
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modified ionene.

The case of 6-SO4 gels needs to be considered apart. The SO4-gels show a significant
departure from the g2 dependence in scattering intensity for the two highest concentrations
compared to the gels with halide counterions, see Figure 5 (F). The strong attraction between
the chains, via the bridging effect of divalent counterions (the "egg-box" model), probably
leads to the formation of larger structures (contrary to a densification of a mesh). This is
consistent with the concentration dependence of the second, shorter characteristic length
=y, which increases with increasing concentration, unlike all other characteristic lengths
presented here. Note that the larger length, =;, is constant between 25 nm and 23 nm.
The "egg-box" model evokes the formation of linear, filament structures, however no ¢!
dependence emerges in the spectra.*® We do not have the scattering spectra of the SO,
solutions, which would to some extent help with the assignment of the peaks and thus we do
not attempt a more detailed fitting at this stage. Lastly, the strong chain-chain attraction in

the case of SO, gels is also reflected in the appearance of syneresis when the gel is left to rest

after several weeks. It is the only gel type presented here, for which syneresis is observed.

Effect of salinity

In parallel to the nature of the counterions, additional salts dramatically change the
conformation of polyelectrolytes leading to the alteration of the gelation behaviour. To study
the effect of salt, we form the gels in salt solutions of the same anion as their counterion by
heating at 80°C and then by cooling down the system to room temperature. In 6-SOy4 gels,
when 0.01 M of NaySOy salt is added, the system already precipitates, so we perform this
study only for 6-Cl and 6-F gels. Figure 6 shows the scattering intensities of 6-Cl gels at
0.068 M and 6-F gels at 0.09 M upon addition of salt (NaCl and NaF respectively), and the
evolution of = (6-Cl) and =, (6-F) distances in this case. For the 0.068 M 6-Cl gel, a shift in
the first correlation peak, i.e. a decrease of the gel mesh size when salt is added to the system,

is observed in Figure 6 (B). In addition, a disappearance of the second correlation peak is
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observed. When Nal salt is added to the 0.09 M 6-F gel (Figure 6 (D)), the correlation
length =, is observed to decrease from 9.5 nm to 8 nm. Moreover, the higher the amount
of salt, the more the three correlation peaks lose intensity. The addition of salt therefore
has an effect on all correlation lengths of the system. As expected, the increase of the ionic
strength leads to charge screening. The loss of intensity of the correlation peaks is a result
of the decrease of electrostatic repulsions between the polyelectrolyte chains. The decrease
in these repulsions favours the associations between the chains, cross-linking can occur more
frequently and a denser mesh is observed (smaller mesh size), especially in the case of the
6-Cl gel.

The above structural changes induced by the addition of salt are reflected also in the
macroscopic properties of the hydrogels. Frequency sweeps (from 1 to 100 rad/s) of hydrogels
upon addition of salts show the same behavior, i.e. a fully flat G’-G” profile, as those for
pure hydrogels. Is it thus possible to compare the G’ values when adding salts. It is seen
from Figure 7 that it leads to an increase in the elastic modulus G’. Thus, the addition of salt
allows the formation of a denser network by decreasing the electrostatic repulsions between
the modified ionene chains and thus favouring the attractive interactions between the chains.
For the modified 6-Cl ionene gel, the G’ increases up to 0.075 M in salt. From 0.1 M in
NaCl, the system precipitates. For 6-F, systems with NaF additions at concentrations above
0.1 M have not been studied, but it is reasonable to assume that the system also precipitates
above a certain salt concentration. Indeed, addition of salt screens the charges and when the
attraction between the chains is too strong, the ionene precipitates. The F'~ ions are more
strongly hydrated than the Cl™ ions which explains why, compared to the 6-F gel, the 6-Cl

gel strengthens over a narrower range of salt concentrations prior to precipitation.
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Figure 6: Scattering intensity and Kratky plots from SAXS measurements (q*I(q) as a
function of the wave vector q) for (A)-(B) 6-Cl and (C)-(D) 6-F modified ionene hydrogels
upon addition of salt (NaCl and NaF respectively). (E)-(F) evolution of = and =, for 6-
Cl and 6-F modified ionene hydrogels upon addition of salt (NaCl and NaF respectively).
The curves in (B) and (D) are shifted along the y-axis for a better visualization. The peak
marked by a star on the figures corresponds to a parasitic reflection arising from the Kapton
polymer used as a window material.
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Figure 7: Evolution of the storage modulus G’ of the hydrogel as a function of the concen-
tration of (A) NaCl for 6-Cl modified ionene gel and (B) NaF for 6-F modified ionene gel.

Conclusion

[onene-based hydrogels are formed through hydrogen bonding, w7 stacking interactions
and cation-7 interactions with the quaternary ammonium NT charged sites of the modified
ionene chains and anion-7 interactions with the counterions. These attractive interactions
counterbalance the electrostatic repulsions between chains inherent in the presence of charged
groups. This behaviour is clearly visible in the SAXS and SANS scattering curves. Indeed,
the correlation peak corresponding to the characteristic distance of the gel mesh cannot
be completely described either by an Ornstein Zernike function characteristic of a neutral
polymer, or by a polyelectrolyte peak. The behaviour of the modified ionene chain thus
results in an intermediate behaviour between that of a polyelectrolyte and that of a neutral
polymer. A strong counterion specific effect exists within modified ionene hydrogels. In
the case of halide counterions, gelling is less efficient when the counterions are strongly
hydrated (F~), i.e. when the ions are better dissociated from polyelectrolyte chains with
a more extended counterion cloud around the chain. This extends the concentration range

where chain-chain electrostatic repulsions dominate and delays the gel formation, for which
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attractive chain-chain interaction are needed in order to form cross-linking nodes. The critical
gelation concentration is thus higher than with a more weakly hydrated halide counterion
(CI7). Once the critical gelation concentration is reached, a very rapid increase in the elastic
modulus of the gel is observed with the fluoride counterion. In SAXS, two distances are
observed characterising the mesh of 6-F gel: a larger distance than the one characterising
the mesh of the 6-Cl gel and a smaller one. As the two peaks in SAXS corresponding to
the two distances are not overtones (intensity evolution with concentration is inconsistent
with this), two types of gel domains seem to co-exist (one related to Z; and one to Z5). The
domains with a denser mesh become dominant with the increase of the 6-F concentration in
the gel and this correlates with a fast increase of the elastic modulus of the gel (the dashed line
for 6-F as compared to G’ ~ ¢? for 6-Cl). Once the elastic modulus reaches values similar to
those of 6-Cl, the evolution of the elastic modulus of 6-F with concentration becomes similar
to that of 6-C1. In the case of divalent counterions (SO%7), the critical gelation concentration
is lower than for monovalent ions. In addition, the elastic modulus of the gel is higher than
for gels with monovalent counterions at the same concentration. The presence of divalent
counterions decreases electrostatic repulsions and favours the association of chains, probably
by a bridging effect. On the other hand, there is a critical concentration above which
the gel precipitates as a result of too strong attractive interactions between chains. The
network structure of the 6-SO, gel seems to have two different characteristic lengths. The
concentration dependence of the second (shorter) length suggests the formation of larger
structures (as opposed to a densification of a mesh) in this particular system. Overall, in
the reported gels, the balance between electrostatic repulsion and attractive interactions
(hydrogen bonding, 7-7 stacking interactions and (N*1)-7 cation interactions) is necessary to
create cross-linking nodes and at the same time allow hydrated regions to be retained. If the
electrostatic repulsion is too strong, the gel cannot form, while if the attractive interactions
are too strong, the chains aggregate and the system precipitates. In conclusion, ionene-

based hydrogels present a family of gels with very ion-sensitive structural and rheological
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properties. At this stage, the permeability of these gels to (charged) molecular and colloidal
species is a promising field of study and could pave the way to potential applications for

controlled release of active substances.
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