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Organic radical as a powerful tool has been extensively applied in synthetic chemistry. However, harness-
ing radical-mediated noncovalent interactions to fabricate soft materials remains elusive. Here we report
a new category of supramolecular hydrogel system held by multiple radical-radical (polyradical) inter-
actions, and its photosensitive cross-linking structure. A simple polyacrylamide with triarylamine (TAA)
pendants is designed as the precursor. The TAA units in polymer can be converted into active TAA"* rad-
ical cations with light and further associate each other via TAA'*-TAA'* stacking interactions to form
stable supramolecular network. Temporal control of the light irradiation dictates the degree of radical
stacks, thus regulating the mechanical performance of the resulting hydrogel materials on-demand. More-
over, the reversible collapse of this hydrogels can be promoted by adding radical scavenger or exerting
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Supramolecular hydrogels, as a class of soft-matter materials
that consist of physically cross-linked networks, have continued
to receive attention owing to their functional uniqueness in self-
adaptivity and stimuli-responsivity [1-6]. Unlike common cova-
lent hydrogels with permanent chemical cross-linking, supramolec-
ular hydrogels are held by noncovalent interactions, which endow
them with tunable dynamic, reversible behaviors. To date, chemists
have exploited a variety of noncovalent forces, such as H-bonding
[7-10], electrostatic interactions [11-15], metal coordination [16-
18], host-guest recognition [19-23], and charge-transfer interac-
tions [24-26], to create supramolecular hydrogel systems. In ad-
dition to these extensively studied noncovalent interplays, we are
curious whether there exist other new categories of weak bonds
that could direct (or assist) the supramolecular hydrogelation and
adjust their intrinsic properties.

Organic radicals, spin compounds with unpaired electrons, were
discovered as early as 1900s and have long been used in synthetic
chemistry [27]. In spite of the fact that radical chemistry is well
studied, it is not until recently that chemists have utilized radical-
induced noncovalent interactions to design stable supramolecular
systems [28]. For instance, the earlier work by Stoddart group has
shown that intermolecular radical-radical interactions can be used
to fabricate molecular motors [29,30]. Jiao et al. have developed a
series of host-based radical complexes, which offers new horizons
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for supramolecular catalysis and photothermal therapeutics [31-
33]. Recently, some nascent work have shown that radical dimer-
ization and oligomerization enable hierarchically molecular self-
assembly into highly ordered nanostructures [34-36]. However, the
potential of radical-radical interactions has yet been explored in
macroscopic supramolecular materials formation. To solve this un-
met challenge, in this study, we present a novel supramolecular
hydrogel system based on radical-radical interactions and show its
photoregulated mechanical performance.

The key to driving radical-induced hydrogelation is the pur-
suit of suitable radical precursors that are inactive, neutral species
in normal, but can be translated into active, associable radicals
under external stimuli for crosslinking. Previously, triarylamine
(TAA) has been described as an effective radical generating species.
It can convert to a radical cation (TAA'*) in response to light
and pack into nanoscale assemblies via TAA"*-TAA'* interac-
tions [37,38]. Inspired by these, only using water-soluble polyacry-
lamides with different contents of TAA pendants (PA-TAAx, x=0.05,
0.1 and 0.2, the synthesis and characterization in Supporting in-
formation, Schemes S1 and S2, Figs. S10-S13), we pioneer the
construction of a new family of supramolecular hydrogels held
by photoinduced multiple radical-radical (polyradical) interactions
(Scheme 1). Moreover, temporal control of light irradiation to vary
the stacking degree of TAA radical species can realize tuning of the
resulting hydrogel strength over a broad mechanical window (0.2-
171 kPa), which would inspire an alternative mechanism for in situ
photo-processing of soft materials.
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Scheme 1. Structure of triarylamine-containing polyacrylamide (PA-TAA) and its
polymer controls (PA and PA-TAP), and schematic of photoregulated supramolec-
ular hydrogelation of PA-TAA based on radical-radical interactions and its reversible
hydrogel dissociation via chemical (radical scavenger) or electrical stimuli (voltage).

Preliminary studies used PA-TAAp, as a model because of its
highest content of TAA functional units. In aqueous solution, this
polymer (c=0.2mmol/L) presented a colorless sol-state. Interest-
ingly, upon exposure to UV light (365 nm), this sol can turn rapidly
into a blue colored hydrogel within ~10min (Fig. 1a). Quantita-
tive zero-shear viscous measurement (Fig. 1b) showed that the
light triggers an appreciable increase in viscosity (69Pas) while
the initial sol had a negligible increase over that of native water
(no=10"3Pas), confirming this photosensitive sol-to-gel transition
[39]. Since the inverted vial test hinted the free-standing behav-
ior of the formed hydrogel, we deduced that it may possess fa-
vorable mechanical properties. To identify this point, rheological

Chinese Chemical Letters 34 (2023) 108028

tests were carried out to detect the modulus change before and
after light trigger (Fig. 1c). Prior to irradiation, the moduli were
quite low (<10Pa) and the loss modulus (G”) was greater than
the storage modulus (G’), indicating the free-flowing sol-state of
PA-TAA( . However, an abrupt increase in modulus was observed
as external light was exerted. The crossover of G’ and G’ posi-
tioned at ~3 min, which is regarded as the critical irradiation time
(tc) for gelation. In the presence of light for 10 min, the sol trans-
formed into a solid-like gel, as evidenced by the G’ > G” over the
whole frequency range of 0.1-100Hz, and its storage modulus can
attain a high value of 9.6kPa (Fig. 1d). As control, we also pre-
pared two contrasts, a polyacrylamide lack of TAA groups (PA) and
a triarylphosphine-bearing polyacrylamide (PA-TAP) in which the
nitrogen atom is replaced by a phosphorus atom. However, nei-
ther PA nor PA-TAP could be gelated even with extended irradia-
tion time (Figs. 1a and b, Figs. S1 and S2 in Supporting informa-
tion). This points to that these TAA groups play decisive roles in
driving the polymer hydrogelation.

Likewise, the other two kinds of TAA-bearing polyacrylamides
are capable of forming hydrogels under the same treatment
(Figs. S3 and S4 in Supporting information). By contrast, their mod-
uli were determined to be 5.4 kPa for PA-TAAp; and 1.9 kPa for PA-
TAAg 5. The values are weaker than that of PA-TAAg,, suggesting
that the mechanical strength of the obtained gels exhibits a de-
pendence on the TAA content.

To affirm the radical-radical interactions of TAA units is the ma-
jor reason to govern this physical hydrogelation, we studied the
optoelectronic properties of the polymer in dilute solution. By UV-
vis spectroscopy, PA-TAAy, (c=5 x 10-3 mmol/L) showed a typical
TAA absorption peak at 305 nm in the absence of light, while upon
exposure to light two new absorbance bands in long-wavelength
region appeared around 360nm and 670 nm (Fig. 2a) and as a re-
sult the solution turned blue. Consistent with the previous studies
on TAA small molecules [40,41], the peak at 670 nm accords with
the characteristic absorption of the TAA"* radical cation generated
by photoinduced electron transition, and the peak at 360 nm arises
from their w-stacking complex [42]. As the irradiation proceeded,
the absorption intensity ascribed to TAA'* was enhanced, whereas
the free TAA absorption depressed (Fig. 2a, inset), indicating that
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Fig. 1. (a) Inverted vial tests and (b) quantitative zero-shear viscosities of PA-TAAq,, PA and PA-TAP in the absence or presence of light irradiation. (c) Rheological variation
of PA-TAA, plotted against irradiation time. At 0-5 min (blank), 5-15 min (light), and t. is the critical irradiation time for gelation. (d) Modulus mutation of PA-TAAo; before

and after 10 min of light irradiation showing the photocontrolled hydrogelation.
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Fig. 2. (a) UV-vis spectra for PA-TAAg, solution as a function of irradiation time (0-40 min, red to blue). Inset: absorption variation of 305nm (solid squares) and 670 nm
(open squares) plotted versus irradiation time. (b) EPR spectra of PA-TAAg, as a function of irradiation time (0-40 min, red to blue). (c) NMR spectra showing PA-TAAg, in
CDCl; before and after light treatment (*: CDClz; **: H,0; photographs indicate the color change of polymer solution, colorless to blue).

the extension of light stimulation is benefit to enlarge the stacking
number of TAA'* species. In addition, the fluorescent change of the
polymer solution was recorded. Its emission intensity at 472nm
gave a considerable increase in the first 30 min, accompanied by a
red-shift to 493 nm (Fig. S5 in Supporting information). This is due
to the yielding of TAA'* radical cations, which have unpaired elec-
trons both in their ground and excited states that can act as radical
luminophores for doublet emission and thus result in a fluorescent
enhancement [43]. Similar phenomenon has also been found in
other organic radical chromophores [44,45]. The emission showed
a subsequent declining process, which could be attributed to the
exciton quenching caused by the aggregation of generated radicals
through radical-radical interactions.

Electron paramagnetic resonance spectroscopy (EPR) directly
probed the formation of TAA'*. As shown in Fig. 2b, no EPR ef-
fect was observed without light, but after photoreaction a typical
EPR signal at 3320 G emerged and enhanced over time, and its g-
factor was calculated to be 2.019. This result is close to the data
of TAA derivatives in other literatures [46], corroborating the fact
that most of TAA groups in the polymer are gradually converted
from the neutral form to their radical ones. NMR experiments
further revealed that the proton signals assigned to TAA species
(6§ =6.2-71 ppm) were strongly suppressed after UV illumination
(Fig. 2c). This means that the formed radical cations bind each
other via TAA'T-TAA'* interactions, which noncovalently cross-link
the polymer into a supramolecular network. A possible mechanism
is on the basis of charge hopping effect [37], that is, upon irra-
diation the triarylamine species can transform into a triarylam-
monium cationic radical while the excited charge can hop onto
another species, thus allowing the association of adjacent radical
cations through the delocalized charge. This attractive interaction
should be higher than that of the repulsive forces among the rad-
ical cations, by which the pendant TAA species can assemble each

other. In the same way, we also surveyed PA-TAP, a polymeric ana-
logue of PA-TAA. In contrast, it had no EPR pattern in the presence
of light, indicating that TAP species is not a photogenerated radical
precursor, unlike TAA (Fig. S6 in Supporting information).

After knowing that the photosensitive polyradical interactions
are the primary driving force to induce supramolecular cross-
linking, we wondered whether the mechanical strength of these
hydrogels could be tuned by control of this kind of interactions.
To this end, their modulus change was monitored versus irradia-
tion time. Clearly, as prolonged the exposure from 5 min to 50 min,
the gel modulus (G') displayed a continuous increase ranging from
0.2kPa to 171 kPa (Fig. 3a and Fig. S7 in Supporting information).
This suggests that the density of radical-radical crosslinks inside
the hydrogel is growing with irradiation and thus results in a
light-dependent mechanical reinforcement. On the other hand, ten-
sile tests also supported this point of view. From the stress-strain
curve, the fracture stress gave a gradual elevation as a function of
irradiation time and the upper limit attained 124 kPa, whereas the
elongation at break decreased with the irradiation (480% — 260%,
Fig. 3b), in agreement with the tensile feature of conventional
supramolecular hydrogels [6,14]. Notably, the hydrogel mechanics
no longer altered over 50 min light irradiation. This is because the
increment of supramolecular junctions impedes the chain move-
ment, which in turn prevents the further radical stacks.

Scanning electron microscope (SEM) visualized a considerable
change in the hydrogel microstructure with the cross-linking den-
sity. Upon 10 min of light treatment, a 3D interconnected, porous
network formed could be observed, and their average porosity
was larger at 26.4pm, typical for the internal architecture of a
slight cross-linked gel (Fig. 3c). Extending the trigger to 50 min
the network became dense and compact, forming smaller pores
of ~8.5um (Fig. 3d). This significant reduction in pore size arises
from the increase of the degree of crosslinkings [39,47], which
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Fig. 3. (a) Photoregulated modulus strengthening of PA-TAA,, hydrogel monitored by rheology. (b) Stress-strain curves of the PA-TAAg, hydrogel under various irradiation
time. SEM images showing the internal network structures of PA-TAAq, hydrogel at (c) 10min and (d) 50 min irradiation. (e) Schematic of the proposed mechanism on

light-dependent regulation of radical stacking number and degree.

evidences that light can facilitate the accumulation of radical stack-
ing domains (Fig. 3e), matching the said spectrometric and rheo-
logical results.

As well, the other two PA-TAA samples manifested similar light-
strengthened mechanical feature. But in comparison, their modu-
lus rise was lower than that of PA-TAAg, (Fig. S8 in Supporting in-
formation, 0.1 kPa — 16.5 kPa for PA-TAAg; and 0.1 kPa — 3.1 kPa for
PA-TAAqo5) even though applying more than 2 h irradiation, due to
their less contents of TAA functionalities interior.

In general, the dynamics of noncovalent connections confers
the supramolecular hydrogels of self-healing behavior [3,5]. Our
radical-induced hydrogels also possess this function. We selected
an optimal hydrogel (PA-TAAg, with 50min light irradiation) to
monitor its self-recovery process by rheology analysis using the
shear amplitude sweeping mode (Fig. 4a). At a low shear strain
(1%), the polymer can maintain stiff state (G’ > G”), but after the
shear strain improved to 300% it collapsed rapidly (G’ <G"), indi-
cating a gel-to-sol dissociation. Subsequently, if returning to the
low strain mode, the gel state and its mechanical strength can
recover, and this cycle can be reproduced (Fig. S9 in Supporting
information). To quantitatively assess the self-recovery ability, we
compared the stress-strain properties between the original and
mended samples at different repairing cycles. It was found that
the hydrogel could retain >90% healable efficiency even though
experiencing 10 rounds of test (Fig. 4b). It can be drawn that
such supramolecular hydrogel constituted by polyradical interac-
tions owns satisfactory self-healing ability.

The reversibility and responsiveness of such radical-induced
noncovalent hydrogelation is highly desired. To fulfil this purpose,
we introduced radical scavenger into the hydrogel system and
checked whether it could be dissociated. Selecting sodium thiosul-
fate (S,0527) or L-ascorbic acid (VC) as the irritant because both

are commonly used for the radical trapping [48], monitoring the
moduli change against incubation time can reflect the hydrogel
transition process. In the absence of stimuli, the gel strength re-
mained invariable (Fig. 4c, black line). However, remarkable me-
chanical loss occurred when S,032~ or VC solution (10 mmol/L)
that is capable of converting TAA'* to its neutral TAA form was
added, indicating a complete gel collapse (Fig. 4c, blue and red
lines). In comparison, VC exhibited better radical scavenging ability
than that of S,032" since its gel-to-sol transition became faster. On
the other hand, exerting negative potentials (—1.0 or —2.0V) to re-
duce the radicals can achieve the same effect, and that the higher
the voltage is the faster the dissociation rate is (Fig. 4d).

In conclusion, harnessing new forms of noncovalent bonds to
build up supramolecular materials offers continuous impetus to
engineer novel functional materials. This work describes the first
dynamic hydrogel system formed by polyradical interactions. In
this system, only requiring a simple water-soluble polymer with
TAA units, the supramolecular hydrogelation can be access by pho-
tocontrolled TAA'*-TAA'* radical association. This radical-induced
hydrogel system has potential to use in the field of conducting hy-
drogels since radical-type conducting polymers are considered as a
new family of conducting materials. On the other hand, spin com-
pounds usually own ferroelectric or electromagnetic function, es-
pecially the organic radicals can align orientationally. The TAA**-
TAA'* interactions can assist the radicals to stack in an axial
direction, which might facilitate new ferroelectric or electromag-
netic hydrogels. Moreover, such a polyradical binding effect can
be in situ adjusted by light irradiation time, which suggests a dis-
tinct strategy for optical manipulation of the mechanical perfor-
mance and dynamic functions towards soft matters apart from the
commonly used light control methods, such as photoisomerization
and photoreaction [49]. The relationship between radical-radical



Z. Gong and Q. Yan

Chinese Chemical Letters 34 (2023) 108028

a) s o b) 100 e ——
o Ee . I T
10° 4 — 804
ES
-
T £ 60
S10'4 :
Q ]
o g 40
2
Q
10°4 ]
© 20
10? v T v v 0 v y
o 10 20 30 40 50 1 2 3 4 5 6 7 8 9 10
Time (min) Cycle
c)
.
10° 4 =
-
..... @0 O eeeeeO o NeBeneraDeraeedrennsOmeneen L TR
T % A\
L 104 4
o
10°{ro o 2
—e— -o- blank 2 -
- +8,07 »
+Ve
10? T T
0 10 20 30 40 30 45 60

Incubation time (min)

Incubation time (min)

Fig. 4. Studies on the self-healing behavior of PA-TAA, hydrogel. (a) Changes of storage and loss moduli tested by oscillatory rheology: The hydrogel was exposed to a 300%
strain for complete collapse and applied 1% strain during the recovery process. (b) Column plot of the hydrogel self-recovery efficiency versus tensile cycles. Error bars in (b)
denote the deviations from three parallel tests. Studies on the reversible dissociation of PA-TAA, hydrogel. (c) Changes of storage and loss moduli upon addition of various
radical scavengers: blank (black), 10 mmol/L of S;032~ (blue), and 10 mmol/L of VC (red). (d) Changes of storage and loss moduli upon exerting various reducing potentials:

blank (black), —1.0V (blue), and —2.0V (red).

interactions and intrinsic properties of hydrogels requires to be
uncovered in future studies; however, this study would open a
promising direction of radical-mediated supramolecular functional
materials.
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