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Gels that sustain reactive radical species under aerobic ambient conditions remain rare, limiting the develop-
ment of soft materials that exploit redox-active chemistry. Here, we show that cellulose nanocrystal (CNC)
gels containing a deep eutectic solvent (DES) create an oxygen-resistant environment that supports the
photochemical and electrochemical generation of long-lived viologen radicals. The DES medium drives gel
formation and produces mechanically strong networks in which viologen radical formation is fully reversible
and coupled to optical and mechanical responses. These gels function as redox-responsive media for infor-
mation storage, enabling photoactive and electroactive coatings with spatial and temporal control over
message development. Extending the platform to a tetracationic viologen macrocycle shows that radical-
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radical host—guest complexes can form and dissociate within the gel matrix, giving rise to an optical
response distinct from those of the individual radicals. These results establish DES-containing CNC gels as a
versatile platform for stabilizing and manipulating radical species in soft materials, opening new avenues to
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Introduction

Gels are common in everyday life," but also have applications
that extend well beyond the familiar.”"® For example, they play
important roles in advanced technologies ranging from smart
flexible electronics’ to 3D printing® and therapeutics.® Their
design space is remarkably broad, as diverse scaffolds can be
incorporated into gel networks to impart targeted functions
and properties.'*"?

Gels contain entangled networks that entrap large volumes
of solvent relative to the network mass. While many are stabil-
ized by covalent crosslinks,'® others rely partly or entirely on
non-covalent interactions,"* imparting features such as reversi-
bility, environmental responsiveness, and recyclability. In our
group, we design non-covalent gels by employing cellulose
nanocrystals (CNCs) as nanostructured scaffolds.'>®

A particular type of CNCs is obtained by acidic digestion of
cellulose in aqueous H,SO,. This process removes the amorphous
domains in naturally occurring cellulose and leaves behind CNCs
as crystalline, rod-like nanoparticles."® During this treatment,
sulfate half-ester groups are installed on the CNC'’s surface,
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aerobic electrochromic devices, UV-responsive systems, and in-gel supramolecular redox chemistry.

imparting negative charge and stabilizing aqueous suspensions
through inter-particle electrostatic repulsion.”® Addition of salts
to a CNC suspension screens the nanorods’ charges, and beyond
a critical salt concentration, the particles aggregate to form gels
(Fig. 1a).>' > We have used this ion-aided strategy to incorporate
functional ionic species that not only facilitate gelation but also
perform secondary roles, such as guest capture through inclusion
complexes.”*?’
form for designing adaptive materials.

Here, we report CNC-based gels that incorporate radical-

This modular approach provides a robust plat-
28,29

forming species that can be photo- and electroactivated to
generate long-lived radical cations in situ under aerobic con-
ditions. These materials are made from CNC scaffolds, an
ionic medium that promotes gelation, and a class of redox-
active molecules known as viologens.

Paraquat (1, Fig. 1b), a canonical alkyl viologen, undergoes
a well-established two-step reduction, with the first electron
transfer producing a blue-violet radical cation (2).>° The
reversible redox chemistry and distinct photophysical changes
of viologens®** have facilitated their widespread use in
today’s materials landscape, including organic batteries,*?
smart coatings,** and other advanced devices.*>™’

Viologens have been incorporated on supporting
scaffolds*®*°  including biomacromolecules,”®  synthetic
polymers,*"** and reticular frameworks.** These systems show

reversible redox activity and can generate the corresponding
radical species upon electro- and photo-stimulation. However,
their operation typically requires anaerobic conditions to
prevent rapid oxidation of the radicals back to the cationic
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Fig. 1 (a) Cartoon representation of the ion-induced gelation of
aqueous CNCs via particle aggregation. (b) Electro- and photochemical
reduction of the paraquat dication (1) to its radical cation (2). (c)
Schematic overview of this work: fabrication of CNC-viologen gels con-
taining a deep eutectic solvent (DES) as the continuous medium that
promotes photoreduction and stabilizes the resulting viologen radicals.

state. Materials capable of stabilizing viologen radicals under
ambient aerobic conditions remain scarce.**™*’

In previous work from our group, we demonstrated that
CNC-paraquat films function as photo- and redox-active
materials that form radicals even under aerobic conditions.*”
To the best of our knowledge, however, gel materials have not
yet succeeded in stabilizing pure paraquat radicals under such
aerobic conditions. Achieving this would represent a signifi-
cant advance, with potential applications in spintronics,*® in-
gel radical catalysis, and ferromagnetic materials,*® eliminat-
ing the need for rigorously deoxygenated conditions.

Paraquat radicals are typically short-lived in oxygenated
media, where dissolved O, either prevents their formation or
rapidly quenches them. Recently, the Scherman group*®
demonstrated that deep eutectic solvents (DESs) facilitate vio-
logen reduction. Reports suggest that process proceeds
through a photoinduced electron transfer from the counterion
(typically CI7) to the ground-state viologen, yielding the corres-
ponding radical cation (Fig. 1b).>® The resulting radicals are
surprisingly stable, due to the low oxygen permeability of
DES.?! Building on this, we hypothesized that combining DES,
viologens, and CNCs could yield robust photo- and electro-
active gels capable of generating stable radical-containing net-
works (Fig. 1c). Such gels would not only be safer to handle
than viologen-DES solutions, but could also be readily shaped
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or patterned, facilitating their integration into electrochromic
devices, coatings, and other functional platforms.

Results and discussion

We first investigated the gelation of CNCs in the presence of
DES (choline chloride/glycerol). Addition of DES (200 pL) to an
aqueous CNC dispersion (1.8 mL, 5 wt%, pH 5.3, { = —=60 mV)
resulted in fast (<1 min) gel formation (see preparation details
in SI (Table S1)). {-Potential measurements showed that
increasing the DES content (0.6 to 10 vol%) changes the appar-
ent surface charge of CNCs from —52 mV to —7 mV (Fig. 2a
and Fig. S1), consistent with electrostatic screening of interpar-
ticle repulsion - the key driving force for CNC gelation.
Rheological analysis showed that the complex modulus (G*) at
an oscillatory frequency () of 10 rad s~ increases with DES
concentration, from 41 Pa to 303 Pa in the 0.6-5.0 vol% range
(Fig. 2b), demonstrating that higher gelator content yields
mechanically stiffer materials (see G', G”, and G* in Fig. S2—
S5). These gels showed no visible change in optical properties
after photoirradiation at 302 nm for 10 min.

We next introduced paraquat (1, Cl” salt) into the DES
medium (50 mM) and added different amounts of this mixture
(0.6 to 10 vol%) to aqueous CNC dispersions (see Table S2 for
details). Gelation occurred in all samples. {-Potential values
(from -32 mV to -9.5 mV, Fig. 2a and Fig. S6) and G*
measurements confirmed that both electrostatic double-layer
compression and mechanical stiffness can be tuned by the
amount of 1 in DES added to the system. For example, at w =
10 rad s™', G* increases from 40 Pa at 1.25 vol% of the DES-1
gelator to 682 Pa at 5 vol% (Fig. 2b and Fig. S7-S10). At low
concentrations of 1, the mechanical response is nearly
unchanged compared with gels prepared using DES alone (40
Pa for DES-1 vs. 41 Pa for DES only). However, at higher con-
centrations, e.g. 5 vol%, the gel containing 1 becomes roughly
125% stiffer than the DES-only material. This trend is consist-
ent with the increased ionic strength of the medium, which
enhances interparticle aggregation.

Despite the presence of the redox-active compound 1 and
DES in the materials, photoirradiation at 302 nm for 10 min,
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Fig. 2 (a) ¢-Potential and (b) G* values (w = 10 rad s for CNC gels
prepared with varying concentrations of CNC-DES or CNC-DES-1
solution. Error bars represent standard deviations from three indepen-
dent measurements.
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did not produce any visible change. We attributed this lack of
response to the high-water content in the gels (90-98 vol% of
the medium, Table S2), which is typically saturated with air,
thus preventing radical formation. To address this, we per-
formed solvent exchange on a robust gel formulation (compo-
sition: aqueous CNCs (1.8 mL, 5 wt%) and DES-1 (200 pL,
50 mM solution)). After setting, the gel was immersed in DES
(15 mL) for 8 h, the supernatant was removed and replaced
with fresh DES (15 mL). The system was then left to equilibrate
for 8 h. This process was repeated once more to complete
three concurrent solvent exchange processes (full preparation
details in SI). Using this method, we prepared three indepen-
dent DES-saturated gels. The material (CNC-DES-1) remained
colorless but was noticeably tougher to the touch than those
containing mostly water as the continuum. Rotational rheology
confirmed this observation with a G* larger (5412 Pa at = 10
rad s') than that of water-containing analogues (682 Pa at =
10 rad s, Fig. $11). We attributed this stiffening to enhanced
interparticle interactions within the highly ionic DES medium,
which more effectively screens CNC-CNC
repulsion.>”

Upon photoirradiation at 302 nm for 10 min, the material
CNC-DES-1 turned deep blue (Fig. 3a), consistent with the for-
mation of radical cation 2 within the gel matrix.>
Photoreduction of paraquat is generally understood to proceed
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Fig. 3 (a) Photoreduction of CNC-DES-1 at 302 nm. Each gel is

approximately 1 cm?. (b) UV-vis spectra of CNC-DES-2 and CNC-DES—
4 obtained after photoirradiation of the corresponding di- and tetraca-
tionic precursors. (c) Chemical structures of tetracation 3 and its diradi-
cal dication 4 formed upon two-electron reduction. (d) Fractional color
development («) of CNC-DES-3 during photoreduction under sunlight;
insets show the progression at the indicated irradiation times. a = (lp —
Ie)/(lg — 1y); lo = initial color intensity; I+ = final color intensity; I; = color
intensity at time t (see Sl for details).
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through photoinduced electron transfer pathways involving
either the Cl™ counterion or hydroxyl-containing species, the
latter being concomitantly oxidized to the corresponding alde-
hydes or ketones.>>* In the present system, both pathways are
likely happening, given the high concentration of Cl™ (from
DES and 1) and hydroxyl groups (from DES and CNCs) within
the gel. Notably, control experiments using DES-free hydrogels
showed no detectable photoreduction under identical
conditions.

The UV-vis spectrum of the photoirradiated gel matched
that of 2 in DES solution (Fig. S12), with a charge-transfer (CT)
band centered at ~610 nm (Fig. 3b), confirming the reduction
of 1 to 2 within the gel. Remarkably, the blue color persisted
for 12 h in air, both under ambient light and in the dark. Even
after cutting a gel to expose the fresh interior, the bulk
remained intensely blue, highlighting the long-lived character
of the radicals. Notably, decolorization was initially observed
only at the air interface, while the interior of the material
retained its color, indicating that oxygen gradually permeates
the gel and quenches the radical species.

To quantify this process, time-dependent UV-vis measure-
ments were performed by monitoring the decay of the CT
band at 610 nm. For a thin film of CNC-DES-2 (~2 mm thick-
ness), the radical species decayed to the oxidized form within
approximately 100 min after exposure to air (Fig. S13). In bulk
samples, oxidation proceeded significantly more slowly, with
complete return to the colorless state only after 24 h in air
(dark). The process could be accelerated by crushing and vigor-
ously stirring the material, which facilitates air penetration
into the matrix.

The high stability of the radical species within the gel can
be attributed to a combination of factors, including the
reduced oxygen permeability of the DES medium®® and the
presence of hydroxyl-rich components, which are known to
promote rapid quenching of the viologen excited state and
facilitate radical formation.® The redox process was reversible
over five consecutive cycles (Fig. S14) without detectable
residual radicals (Fig. S15).

Considering that the mechanical properties of CNC gels
depend strongly on ion content, we hypothesized that reducing
dication 1 to radical cation 2 would alter gel stiffness.
Rheology confirmed this effect: at @ = 10 rad s*, G* increased
by 37% upon photoreduction, from 5.4 kPa to 7.4 kPa, in line
with a lower electrostatic repulsion in the radical-containing
gel (CNC-DES-2). The observed increase in gel robustness
likely arises from a combination of inter-radical
interactions,””"*® that reinforce the gel network and changes in
ionic strength, as well as network restructuring independent of
radical interactions. The stiffening is transient, and oxidation
partially restores the viscoelastic properties of the material (G*
= 6.2 kPa, Fig. S16). The change in viscoelastic properties is
accompanied by a visible optical response, where color for-
mation indicates stiffening and its loss implies softening.

We next explored the scope of our design by testing other
viologens. Initially, we studied the tetracation 3 (Fig. 3c),
which undergoes a two-electron reduction to give the intensely
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colored diradical dication 4.>° The corresponding gel was pre-
pared following the same procedure established for 1 and sub-
sequently subjected to solvent exchange (water to DES), render-
ing CNC-DES-3 (see Table S3). Upon irradiation at 302 nm,
the material turned purple, consistent with formation of the
corresponding diradical dication 4. The UV-vis spectrum of the
material closely resembled that obtained for the CNC gel con-
taining 2, but with a characteristic red shift (Fig. 3b), as
expected for species bearing two viologen units in their
structures.®

CNC-DES-3 gels also undergo photoreduction when exposed
to natural light (SI Video S1, gelator concentration 5 vol%,
Table S3). Under sunlight, the gel gradually turned blue within
5 min at a UV index of 5 and T of 25 °C. The color change fol-
lowed a consistent trend (Fig. 3d) and reached completion after
approximately 10 min. This response shows the potential of
CNC-DES-3 for UV-dosimetry applications, as color develop-
ment can be correlated with UV-light exposure time. As observed
for irradiation at 302 nm, the gels recovered their original, color-
less state when kept in the dark at room temperature.

In designing these materials, we were particularly interested
in evaluating their applications. As a proof-of-concept, we
focused on two directions: photoactive and electroactive coat-
ings, and in-gel, light-controlled host-guest assembly and
disassembly.

The first approach involves using the photoactive gels as
information carriers embedded within photo-inactive masking
materials. The gel CNC-DES (viologen free - aqueous CNCs
(5 wt%, 1.8 mL), DES (200 pL), solvent-exchanged) was used to
coat a glass substrate, while CNC-DES-3 (aqueous CNCs
(5 wt%, 1.8 mL), DES-3 (200 pL, 25 mM), solvent-exchanged)
was used to imprint a message on top of the background.
Initially, the system appeared uniform and there was no
message visible. Upon irradiation (302 nm), viologen 3 was
reduced to purple 4, revealing the message ‘UBC’ (Fig. 4a).
This process was fully reversible, and the material recovered its
original uniform appearance after being kept in the dark.

Taking advantage of the electroactive responses of violo-
gens in eutectic electrolytes,®® we used our CNC-DES gels to
make redox-active displays (Fig. S17). We first confirmed that
applying a negative potential (2.5 V) to CNC-DES-1 sand-
wiched between two ITO electrodes produces a reversible color
change: the initially colorless gel turns blue, displaying a CT at
604 nm in the UV-vis spectrum (Fig. S18), consistent with the
reduction of 1 to 2. The gel reached full coloration within 120
s and returned to its original state upon removal of the poten-
tial. After 180 redox cycles, the material maintained excellent
color fidelity (Fig. S19).

With this established, we next fabricated an electroactive
display (see Fig. 4b and Fig. S20). As shown in Fig. 4c, the
message is initially invisible but becomes readable upon
reduction, revealing a ‘UBC’ pattern. The letters U and C are
made of CNC-DES-1, while the letter B is made from CNC-
DES-3, producing blue and purple colors, respectively (SI
Video S2). This enables built-in color contrast within a single
information-bearing display.
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Fig. 4 (a) Two-dimensional encryption device fabricated using CNC-

DES-3 as the photoactive layer and CNC-DES as the background. (b)
Cartoon representation of the assembly used for electroactive displays
incorporating CNC-DES-1 and CNC-DES-3 as electrochromic com-
ponents. (c) Electroactive display showing multicolor generation. (d)
Electroactive display demonstrating spatiotemporal control over
message development.

Recently, we reported electroactive CNC photonic films con-
taining covalently attached viologens.®> These films showed
rapid color changes (~10 min), faster than the responses
observed in the gels described here. We envisioned that com-
bining both materials in a single electroactive display would
allow spatiotemporal control over how a hidden message is
revealed. Using a layout similar to that in Fig. 4b, we placed a
CNC-viologen film in the center®® and flanked it with two
pattern carriers made from CNC-DES-1 and CNC-DES-3.
When a potential of —3.0 V was applied for 15 min, only the
central section of the message (B) appeared in purple.
Maintaining the potential for another 15 min revealed the side
letters U and C in blue and purple, respectively (Fig. 4d). This
sequential color development (SI Video S3) demonstrates how
mixed CNC-based materials can be engineered to control the
timing and order in which encrypted information becomes
visible.

Finally, while exploring the scope of viologens compatible
with our approach, we also studied the tetracationic macro-
cycle cyclobis(paraquat-p-phenylene) (5),** which undergoes a
two-electron reduction to give the intensely colored diradical
dication 6 (Fig. 5a).°* In its reduced form, the macrocycle can
host radical cations (e.g. 2) in its cavity. The host-guest chem-
istry of 6 and 2, and related radical cations, has been exten-
sively reported in solution,®"® and we envisioned that an in-
gel, light-controlled host-guest could be accessed. To test this,
we prepared a CNC-DES gel containing equimolar amounts of
dication 1 and macrocycle 5. Following gel preparation (see
Table S3), we irradiated the material at 302 nm for 10 min.
This led to a color change from colorless to magenta (Fig. 5b).
Notably, this color did not match that observed individually

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) Chemical structures of macrocycle 5 and its radical cation 6.
(b) Photographs of CNC-DES-2, CNC-DES-6, and CNC-DES-2/6
gels; the inter-radical host—guest complex formed between 2 and 6 is
shown in the inset. (c) UV-vis spectra of CNC-DES—-2, CNC-DES-6, and
CNC-DES-2/6 gels obtained after photoirradiation at 302 nm.

for radical cations 2 (blue) or 6 (purple), providing the first
indication of in-gel radical-radical self-assembly.

The UV-vis spectrum of the material did not match those
collected for gels containing 2 or 6 independently. Instead, the
spectrum showed a red shift with an intense CT band centered
at 550 nm (Fig. 5¢ and Fig. $S21-S23). This agrees with litera-
ture reports of the in-solution host-guest complex formed
between 2 and 6, including a characteristic absorption band
centered at 1100 nm, which is diagnostic of inter-radical
charge transfer within the complex (Fig. 524).°> After recovery
in the dark for 22 h, the gel returned to its original colorless
state (Fig. S25), showing not only the oxidation of the radical
cations back to their fully cationic forms but also their dis-
sociation into monomeric species within the gel matrix.

Conclusions

We have shown that CNCs can be assembled into robust,
redox-active materials through the incorporation of viologens
and deep eutectic solvents. The use of a DES in the gels allows
the viologens to form long-lived radicals under ambient
aerobic conditions. These radical-containing gels show stable
optical responses, have reversible photo- and electro-activity,
and display tunable mechanical properties that respond to the
redox state of the embedded species. The combination of
CNCs and DES media provides a mechanically reinforced and
air-tolerant system in which the redox chemistry of viologens
can be harnessed in practical forms. These properties have
been used to create photoactive and electroactive coatings that
store and reveal information through controlled color changes.
Mixed CNC-based materials allow spatiotemporal control of
redox activation, enabling decryption of messages in sequence
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under applied potential. By extending the platform to a violo-
gen-based macrocycle, we demonstrated that gels can also
facilitate in situ radical-radical host-guest chemistry, produ-
cing optical responses distinct from those of isolated radical
cations and allowing reversible assembly and disassembly
within a gel network.

This work establishes DES-containing CNC gels as a versa-
tile platform for activating, stabilizing, and manipulating vio-
logen radicals in solid-like media. The combination of redox
responsiveness, mechanical tunability, and host-guest respon-
siveness opens new opportunities for gel-based electrochromic
devices, UV-dosimetry, data encryption, in-gel supramolecular
assembly, and other functional applications where redox
control under ambient aerobic conditions is essential.
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