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Fmoc-3 is a low-molecular-weight gelator that self-assembles to form hydrogels at basic pH. Here,
using Fmoc-3, we show the first electrodeposition at high pH of a low molecular weight gelator using

an electrochemically generated pH gradient. We also show that electrodeposition can be used to grow
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simultaneously two hydrogels at opposing pH extremes on different electrodes.
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Electrodeposition is an electrochemical process that can be used
to assemble solid or soft materials on electrode surfaces."™ This
technique has been used to form hydrogels, triggering the self-
assembly of gelling molecules or polymers upon application of a
current or electric field. Hydrogels have been fabricated using
this method from small molecule gelators such as dipeptides,’
dibenzoyl cystine and functionalised amino acids.® Polymeric
systems such as collagen,” chitosan,®® silk'® and alginate'"">
have also been used to form gels using this approach.

To fabricate pH-sensitive hydrogels from gelator solutions,
electrodeposition can be used through generating localised pH
gradients at electrode surfaces by exploiting various electro-
chemical acid-base reactions, which could be induced by
reduction-oxidation reactions.”'>'* Here, electrodes are placed
with bulk solutions of the soluble gelling agent. Current is then
passed between the working and a counter electrode, leading
through electrochemical reaction to, for example a change in
pH at the working electrode. A localised region of pH change
then develops at the electrode which leads to the charge being
removed there from the gelator structure through protonation/
deprotonation, the loss of electrostatic repulsion, and hence the
self-assembly of the gelator to form a gel on the electrode
surface. It should be noted that no gelation occurs in the bulk
solution, giving excellent spatiotemporal control over gelation.
Depending on the system or additives used, the application of a
constant current can result in the diffusion of hydrogen or
hydroxyl ions from the electrode surface, creating a significantly
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more acidic or basic pH zone than the bulk solution. The size of
this zone, and so the size of the hydrogel, is governed by the
diffusion distance of the hydrogen or hydroxyl ions.”> For low
molecular weight gelators (LMWG), electrodeposition has been
used to form gels at low pH, typically by exploiting the hydro-
quinone-quinone couple®" or the direct oxidation of water.'®

Gelling at high pH by electrodeposition is yet to be described
for a LMWG. However, gelling at high pH has been achieved for
chitosan (a biopolymer containing many charged ammonium
ions at neutral pH) by the galvanostatic reduction of hydrogen
peroxide (Fig. 1b). Gels formed using LMWG have significantly
different properties to gels formed from biopolymers. Gels
formed from LMWG can be formed at significantly lower
concentration of gelating agent, can be significantly stiffer,
break at significantly lower strain and can more quickly be
broken down since the constituent gelling molecules are of
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Fig. 1 (a) Chemical structure of the LMWG Fmoc-3 (b) Schematic represen-

tation of the electrochemical gelation of Fmoc-3 via the two-electron,
electrochemical reduction of hydrogen peroxide, producing two hydroxide
ions. In this case, the electrode represents a flat glass FTO slide.
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much lower mass. Hence such gels are complementary to those
formed using polymeric gelator.

During the electrochemical reduction of hydrogen peroxide,
hydroxide ions are produced at the electrode-solution interface,
creating a basic pH zone.'* This results in deprotonation of
the ammonium groups in this zone, decreasing chitosan’s
solubility to induce gelation at the electrode surface.® Electro-
deposition of chitosan has also been achieved through the
electrolysis of water, which produces hydroxide ions and hydro-
gen gas at the cathode surface.'” Although the production of
hydroxide ions increases the local pH to induce gelation, water
electrolysis is often avoided for longer deposition times due to
the production of hydrogen gas bubbles that perforate through
the hydrogel surface.'”

Here, we show how electrodeposition at high pH can be
applied to a LMWG system. We then show the simultaneous
formation of two low molecular weight hydrogels at acidic and
basic pH extremes by coupling an anodic and cathodic neutrali-
sation method. Gelling at higher pH complements the work
carried out for low pH gels, and also opens up possibilities where
gelation can occur at, or close to physiological pH,"* as well as
being of potential use within dissipative systems."®

Fmoc-3 (Fig. 1a; mono-Fmoc 1,3-diaminopropane hydro-
chloride) is an effective LMWG. To form a hydrogel, the gelator
molecules self-assemble in water to form fibrous structures that
entangle when the pH of the solution is raised above the pK,
(8.4-8.7)."° Previous work has shown that this can be achieved
chemically via the autocatalytic reaction of urea and urease to
produce ammonia, which results in an increase in the pH."’

To now electrochemically gel Fmoc-3, 7 mL solutions of
Fmoc-3 (5 mg mL ™" in aq. NaCl 0.1 M) were prepared to give
gelator solutions at a pH of 6.5. As carbon dioxide in the
atmosphere readily dissolves in water to give dissolved CO,,
carbonic acid and the bicarbonate anion, it is likely that the pH
is fixed at 6.5, within the range of the apparent pK, value of this
system®’ due to the natural buffering of these dissolved carbon
dioxide species in the gelator solutions. To create the basic pH
gradient at the electrode surface, 70 uL of hydrogen peroxide
solution was added to the Fmoc-3 solutions immediately prior
to gelation. The importance of hydrogen peroxide reduction on
hydrogel formation was investigated by growing Fmoc-3 hydro-
gels in the absence of hydrogen peroxide and in the presence of
hydrogen peroxide (adding 70 pL aliquots of hydrogen peroxide
solutions at concentrations of 1 M to 4 M). In the absence of
hydrogen peroxide, the gelation process relies on the electro-
chemical reduction of water which produces hydrogen gas as a
by-product.

To grow the Fmoc-3 hydrogels, a three-electrode set-up
under galvanostatic control consisted of an FTO glass slide
(working electrode), platinum wire (counter electrode) and
Ag/AgCl (reference electrode) (Fig. S2, ESIT). A current density
of —0.7 mA cm™ 2 was found to be satisfactory for gel growth and
was applied to all Fmoc-3 gelator solutions for 900 seconds
(Fig. 2f). In the absence of hydrogen peroxide and across the entire
hydrogen peroxide concentration range, hydrogel formation was
observed at the working electrode surface (Fig. 2 and Fig. S3, ESIT).
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Fig. 2 (a—e) Strain sweeps showing storage (G’) and loss moduli (G”) (a) In
the absence of hydrogen peroxide and at various concentrations of
hydrogen peroxide (b) 1 M (c) 2 M (d) 3 M (e) 4 M. Full rheology data can
be found in the ESIt (Fig. S9). For all gels, G’ = black/filled circle data,
G" = blue data/hollow circle data. All measurements were performed in
triplicate and errors were calculated from the standard deviation.
(f) chronopotentiometry data for hydrogels grown (a) in the absence of
hydrogen peroxide (green/star data) and when 70 plL of 1 M (pink/triangle
data), 2 M (red/diamond data), 3 M (black/circle data) and 4 M (blue/square
data) hydrogen peroxide solution (g) Images of Fmoc-3 hydrogels grown
(a) in the absence of hydrogen peroxide (far left) and 1M, 2 M, 3Mand 4 M
hydrogen peroxide solution (right to left). Scale bar: 1 cm. In all cases, a
current density of —0.7 mA cm~2 was applied for 900 seconds. Conditions;
Fmoc-3 = [5 mg mL™Y, NaCl = [0.1 M].

However, there were visible differences in the surface structure and
smoothness of the resultant hydrogel films. Images of the hydrogel
films in the absence of hydrogen peroxide and when 70 pL aliquots
of 1, 2, 3 and 4 M solutions show that in the absence of hydrogen
peroxide and at lower concentrations of hydrogen peroxide, the
hydrogel film contains many holes where hydrogen gas bubbles
have escaped through the material (Fig. 2g). As the Fmoc group is
base labile, care must be taken to ensure that the high pH
environment does not cleave the Fmoc group from the molecule
to form dibenzofulvene.>* To confirm that this does not occur
during the electrodeposition process, "H NMR spectra of the
freeze-dried gels were collected and compared with the spectra
of the pure Fmoc-3 gelator (Fig. S4, ESIT). The spectra confirm that
the Fmoc group does not cleave during the gelation process.
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3qm00091e

Open Access Article. Published on 29 March 2023. Downloaded on 3/15/2026 11:13:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

When the gelation process relies on the electrolysis of water,
the gaseous by-products escape through the hydrogel on the
electrode surface, leaving holes.'®*” For most applications,
material reproducibility and homogeneity are of the utmost
importance. As the electrochemical reduction of water results
in hydrogen bubble holes throughout the Fmoc-3 hydrogels,
the fabrication process is unsuitable for the formation of
reproducible hydrogels. The addition of hydrogen peroxide
circumvents this issue; as the concentration of hydrogen per-
oxide is increased, the gelation process relies mostly on hydro-
gen peroxide reduction. This therefore results in fewer holes
throughout the hydrogel to produce materials with smooth
surfaces (Fig. 2g and Fig. S4, ESIt).

To investigate the effect of hydrogen peroxide concentration
on the stiffness and breaking point of the gels, bulk rheology
was used. Strain and frequency sweeps were performed on the
Fmoc-3 hydrogels grown in the absence of hydrogen peroxide
and across the full hydrogen peroxide concentration range
(from 1 to 4 M), Fig. S9 (ESIY). For all the hydrogels, the storage
modulus (G’) and loss modulus (G”) values are similar (approxi-
mately G’ = 10°, G’ = 10 Pa). However, as the concentration of
hydrogen peroxide is increased, the strain values become more
reproducible between gels grown under the same conditions
(Fig. 2a-e). The Fmoc-3 hydrogels grown in the presence of
70 uL of a 4 M hydrogen peroxide have the lowest errors in both
G’ and G” (Fig. 2a—e and Fig. S9, ESIt), showing that a hydrogen
peroxide concentration of 4 M is the optimal concentration for
reproducible hydrogel formation.

At lower hydrogen peroxide concentrations, the holes created
by gas bubbles make it difficult to image and accurately calculate
gel volume so we only discuss data for when 70 pL of a 4 M H,0,
was added. To monitor the rate of gel growth, we measured the
how the gel area changes with time for gels grown on a circular
glassy carbon macroelectrode (Fig. S10, ESIT). By plotting gel area
vs time graphs, we can confirm through linearity of this plot that
growth is diffusion controlled and calculate the diffusion coeffi-
cient of the rate determining species diffusing from the electrode
surface from the slope of this graph.> As well as this, when the area
becomes invariant with time (zero slope) we can determine the
final size of the hydrogel. Photographs of the hydrogels were taken
in situ at 30 second intervals for 900 seconds (Fig. S6a, ESIt). The
gel area, determined using Image], Is confirmed to increase
linearly with time up until 600 seconds after which the gel area
plateaus. To determine whether the concentration of the Fmoc-3
hydrogel changes after this plateau point, quantitative "H NMR
spectroscopy (QNMR) was used (Fig. S7, ESIt). The concentration
of the Fmoc-3 within the hydrogels grown for 600 and 900 seconds
is almost identical, indicating that in each case gel growth stops
after this plateau point of around 600 seconds. To ensure that
hydrogen peroxide depletion was not the limiting factor determin-
ing hydrogel growth, a second aliquot of hydrogen peroxide
solution (a further 70 pL of a 4 M solution) was added at
600 seconds (gel growth plateau point), followed by further
application of current for another 600 seconds. The qNMR results
(Fig. S7, ESIT) show that there was no further increase in concen-
tration, indicating this is a practical limit of gels growth.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023  Mater. Chem. Front., 2023, 7, 2671-2675

View Article Online

Research Article

It is notable that our previous studies using acid triggered
gelation® did not result in a similar cessation of gel growth with
time. We therefore postulate that this difference is due to the
effective acid buffering provided by the diffusion of dissolved
carbonic acid species from bulk solution to electrode at outside
of the pH zone, where the pH excursion has become sufficiently
small. To confirm this, when the pH of the gelator solutions
was adjusted to pH 8 prior to deposition, effectively converting
all dissolved carbonic acid to bicarbonate but with the solution
pH still below the gelator pK,, the gel area did not plateau after
300 seconds but rather continued to increase linearly with
deposition time (Fig. S6b, ESIT). It is worth noting that further
buffering is also possible through a second deprotonation of
bicarbonate above pH ~ 10.5, but this would still result in pH
values that result in gelator deprotonation and gel formation. A
larger gel was also formed as compared to the gel grown from
the pH = 6.5 gelator solution. In this case, when the pH in the
zone near the electrode is such that gel growth “outruns’ buffer
transport, and where the concentration of hydroxide ions is
larger than that of the buffering species, we would expect the
growth of this high pH zone to be governed by diffusion path
length of these hydroxide ions. As previously for acid triggered
growth, assuming three-dimensional diffusion-controlled
growth of a near hemispherical gel for which ¥ = 6Dt, the
diffusion coefficient is then calculated from the slope of the gel
area vs time graphs to be 3.7 x 107> em®s~ ' at pH = 6.5 and 4.8 x
107 em” s~ at pH = 8 respectively. These values are reassuringly
close to the expected diffusion coefficient for hydroxide ions in
water (D =5 x 107> em® s~ ').>* Fmoc-3 hydrogels changes at
various concentrations of hydrogen peroxide, confocal micro-
scopy images were taken of gels grown in the absence of hydro-
gen peroxide and gels grown across the full hydrogen peroxide
concentration range (Fig. 3 and Fig. S5, ESIt). Despite presenting
different surface smoothness and topography (Fig. 2g), all the
Fmoc-3 hydrogels appear to have the same microstructure,

Intensity (cm™")

Fig. 3 (a) SAXS data and fit for Fmoc-3 hydrogels grown using 4 M
hydrogen peroxide solution. Confocal microscopy images of Fmoc-3
hydrogels fabricated (b) in the absence of hydrogen peroxide and at
various concentrations of hydrogen peroxide (c) 1 M (d) 2 M (e) 3 M
(f) 4 M. For all, a current density of —0.7 mA cm~2 was applied for
900 seconds. Conditions; Fmoc-3 = [5 mg mL™Y], NaCl = [0.1 M].
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exhibiting long fibers with a number of spherulitic domains
(Fig. 3 and Fig. S5, ESIt). Notably, For the 4 M sample, the fibres
appear to be longer in comparison to the other Fmoc-3 hydrogel
microstructures as well as displaying a greater contrast with the
solvent. The hydrogels formed in the presence of 4 M hydrogen
peroxide solution contain few to no hydrogen bubble holes. It is
therefore likely that the increase in contrast and fibre length are
due to the increased homogeneity of the sample as the three-
dimensional network is not disrupted by the gas bubbles. To
examine the microstructure at different stages of the deposition
process, confocal microscopy images were collected from gels
grown for 300, 600 and 900 seconds (Fig. S5, ESIT). Again, in all
cases, the images show that long fibres and a number of
spherulitic domains are present. This suggests the microstruc-
ture remains the same throughout the deposition process. Multi-
ple images were collected at various positions, confirming the
microstructure was homogeneous throughout the material.

To probe the primary self-assembled structures of the Fmoc-3
hydrogels, small angle X-ray scattering (SAXS) was used (Fig. 3a
and Fig. S11, ESIY). Full experimental details can be found in the
ESIT (Section S10). SAXS data were collected from hydrogels
grown in the absence of hydrogen peroxide and across the full
hydrogen peroxide concentration range (adding aliquots of 1-4 M
solutions). Fitting the SAXS data was carried out using SasView
software.”* Full fitting parameters for can be found in Table S2
(ESIT). In all cases, the SAXS data were best fit to a flexible
elliptical cylinder model with a polydispersity in radius. Hydro-
gels grown in the absence of hydrogen peroxide display a Kuhn
length and radius (minor axis) of 7.1 nm and 4.3 nm respectively.
As the concentration of hydrogen peroxide is increased, the Kuhn
length and radius gradually decrease. The Kuhn length repre-
sents the stiffness of the elliptical shaped cylinder structures; as
the Kuhn length increases, the structures become less flexible
and more rigid. There is no necessary link between radius and
Kuhn length. A polydispersity of the radius was also used to fit
the data. This indicates that there is a distribution of the radii
of the structures. As the orientation of the Fmoc-3 molecules
within the fibres is unknown, it is hard to make assumptions as
to the expected dimensions of the fibres with respect to the
molecular packing.

For hydrogels grown in the presence of 4 M hydrogen
peroxide solution, the Kuhn length and radius are 4.9 nm
and 3.5 nm respectively. The axis ratio increases with increas-
ing hydrogen peroxide concentration from 5.95 (hydrogels
grown in the absence of hydrogen peroxide) to 7.50 (4 M
hydrogen peroxide solution). This suggests the self-assembled
structures are more tape-like as the concentration of hydrogen
peroxide is increased. For the 4 M sample, SAXS data were
collected from hydrogels grown for 300 and 600 seconds to
examine if deposition time effects the primary self-assembled
structures. For the hydrogels grown for 300 and 600-seconds
the SAXS data imply. that the radius and axis ratio values are
similar. However, their Kuhn length values of 6.4 nm (300 s)
and 6.9 (600 s) are higher than hydrogels grown for 900 seconds
(4.8 nm), suggesting that the self-assembled structures are less
flexible at shorter deposition times.
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Fig. 4 (a) Schematic representation of the electrochemical system used
to simultaneously grow two different hydrogels at opposing pH extremes
(b) Images of the 2NapVG (right) and Fmoc-3 (left) hydrogels grown using
this technique. A current density of 22 mA cm™2 was applied for
900 seconds. Scale bar: 1 cm. Initial reaction conditions; Fmoc-3 =
[5 mg mL™Y, NaCl = [0.1 M], H,O, = [200 ulL, 4M], 2Nap-VG-OH =
[5 mg mL™Y, hydroquinone [5 mg mL™Y, NaCl = [0.1 M], pH = [8].

This system can be coupled with an acid triggered LMWG to
form two hydrogels at opposing pH extremes simultaneously on
electrode surfaces (Fig. 4). Previously, we have shown that
naphthalene-protected dipeptide gelators such as 2NapVG can
form gels via the electrochemical oxidation of hydroquinone which
results in a local pH decrease at the electrode surface.'>"> To
couple both of these methods, a custom-made H-cell (Fig. 4a and
Fig. S12, ESIt) was employed, consisting of two glass chambers
separated by a Nafion membrane.

In one chamber, the working electrode (glassy carbon) and
reference electrode (Ag/AgCl) was placed in a 2NapVG and
hydroquinone solution. In the other chamber, the counter elec-
trode (platinum wire) was placed in an Fmoc-3 and hydrogen
peroxide solution. To simultaneously grow the Fmoc-3 and
2NapVG hydrogels, a current density of 22 mA cm™ > was applied
to the working electrode for 900 seconds. Upon application of the
current, hydrogel formation was observed on both the working
and counter electrode surface in their respective chambers
(Fig. 4b). The application of an anodic current to the working
electrode in the right-hand side chamber sees the oxidation of
hydroquinone to benzoquinone, liberating protons at the
electrode-solution interface. This localised decrease in pH trig-
gers the 2NapVG molecules to self-assemble and form a hydrogel
exclusively at the electrode surface.>'®> To complete the electro-
chemical circuit, the hydrogen peroxide in the second chamber is
reduced at the counter electrode, generating hydroxide ions,
resulting in self-assembly of Fmoc-3 and gel formation on the
counter electrode. Consequently, low pH hydrogels of 2NapVG
are formed on the working electrode surface (anode) and high pH

Mater. Chem. Front., 2023, 7, 2671-2675 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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hydrogels of Fmoc-3 are formed on the counter electrode surface
(cathode).

In conclusion, we have shown that we can electrochemically
form hydrogels at high pH, with the gel properties being greatly
improved by the addition of hydrogen peroxide. This system
can be coupled with acid-triggered gelators to form two hydro-
gels triggered at opposing pH extremes simultaneously in a
spatially and temporally controlled manner.
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