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23 ABSTRACT: The development of stimuli-responsive materials capable of transducing external stimuli into mechanical and

24 physical changes has always been an intriguing challenge and an inspiration for scientists. Several stimuli-responsive gels

25 have been developed and applied to biomimetic actuators or artificial muscles. Redox active actuators in which the me-

26 chanical motion is driven chemically or electrochemically have attracted much interest and their actuation mechanism is

27 based on the change in electrostatic repulsion and the loss or gain of counterions to balance newly formed charges. Actua-

28 tion can also be promoted by changing the hydration state of the material leading to the release/adsorption of water mol-

29 ecules from the network, inducing a direct shrinking/swelling of the material respectively. A cationic crystalline dynamic

30 covalent gel was obtained via the formation of imine bonds between 2,6-diformyl pyridine and triamino guanidinium chlo-

31 ride. The gel exhibits a reversible contraction/expansion behavior in response to base (oxidation, -H", -e”) and acid (reduc-

32 tion +H", +e”) respectively. The oxidation induces a color change and contraction of the gel with a concomitant increase in

33 its strength. As synthesized, the cationic gel is denser than water and sinks when placed in water. Upon oxidation, the

34 radical cationic gel expels water molecules rendering it less dense than water and the gel is propelled to the surface without

35 any loss of its structural integrity. These results demonstrate that a careful choice of amine and aldehyde linkers can give

36 rise to imine-linked materials capable of tolerating and resisting extreme acidic and basic conditions while performing

37 work.

38

39

40 INTRODUCTION

2; Soft actuators”® - materials that can reversibly change their gels reported in literature are obtained from uncharged

43 shape in response to external stimuli such as small mole- neutral building blocks,”* whereas dynamic gels com-

42 cules,” light,”® heat, or pH'” - are a fascinating class of re- prised of charged ionic building blocks are relatively unex-
sponsive materials.”™ Such materials are widely used in plored.** The incorporation of ionic scaffolds in covalent

45 bio-medical treatment™ ° and micromachine applica- organic networks generates ionic interfaces that control

46 tions.” The most commonly studied molecular actuators the interactions with molecules and ions guests prompting

47 are stimuli-responsive gels,” ** supramolecular polymers,™ the emergence of novel properties and functions distinct

48 * host-guest complexes,™ * and liquid-crystals.*® Such ma- from those of the neutral skeletons.>** It can also be ex-

49 terials are capable of shape-morphing behaviors in re- pected that introducing ionic moieties into conjugated co-

50 sponse to external stimuli.*™'> *™ The main drawback of valent organic networks will contribute to the formation of

51 supramolecular assemblies formed through non-covalent increasingly stable ordered structures on account of their

52 interactions is that they generally are not chemically re- inherent electrostatic interactions.?*** Moreover, the abil-

53 sistant or thermally stable in solution.”” * Covalent dy- ity to exert control over the charge distribution of cationic

54 namic gels * are another class of robust hybrid materials structures for example, will allow for the modulation of

55 which can be constructed from a variety of functional or- electrostatic repulsions present in the scaffold as well as

56 ganic building blocks via covalent assembly and are highly the extent of counterion condensation within the material,

57 stable in many solvents.” 3”3 A majority of the dynamic potentially inducing size and shape changes.’ Thusly, the

58

59
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design and synthesis of gel-based materials incorporating
electroactive functional groups which respond mechani-
cally to chemical and/or electrochemical stimuli* remains
a considerable challenge and an area of great interest for
researchers.”> *** Previously reported redox-responsive
soft actuators are typically based on ferrocene-derived sys-
tems,* *> ** water soluble oligo-viologens,’ and polymer
gels.* However, covalent organic networks which function
as an actuating system have yet to be reported. Recently,
we introduced a number of viologen-based redox active
polycationic covalent organic materials including gels ob-
tained using the Zincke reaction.>* " ** None of these ma-
terials displayed any shape deformation properties upon
chemical reduction owing to the rigidity of their struc-
tures. We have now turned our attention to the rich redox
chemistry of the flexible guanidinium-based ligands,*™
capitalizing on the fact that they can be reversibly switched
between a monocationic and a radical cation redox states

through proton-coupled electron transfer mechanism
(PCET).>" This switching process allows for the modula-
tion of the hydration state of the gel material allowing for
the release or the adsorption of water molecules from the
network, leading to the shrinking or the swelling of the gel,
respectively.” We anticipated that the addition of a strong
basic solution will deprotonate the guanidinium -"N-H
proton (pKa~12) coupled to an electron transfer to form the
radical cation N™; a process that will control the actuation
of our gel. Following through with this design strategy, we
have prepared a guanidinium-based gel (noted TG-DFP,
Figure 1a) obtained at room temperature from the imine
condensation of a flexible triamino guanidinium hydro-
chloride salt (TG*Cl) and diformyl pyridine (DFP). Unlike
other neutral imine-based gels such as the one reported by
Zhang et al.”® which exhibited a low tolerance to acids, our
guanidinium-based gel was found to be exceptionally sta-
ble in 6 M HCl and 12 M NaOH for several days.
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Figure 1: (a) Chemical structure and synthetic route of TG-DFP in water:ethanol (1:1, v:v) mixed solvent at room tempera-
ture. (b) Cartoon drawings showing the shrinking and swelling of the gel in response to base and acid: Addition of base
(NaOH, 12 M) to an aqueous solution containing the gel, deprotonates the guanidinium unit (+) and oxidizes it to its radical
cation (*+) form promoting the release of water molecules causing the gel to shrink with concomitant color change from
yellow to red. The dashed counter in (b) represents the original size of the gel. Addition of HCI restores the cationic form
of the gel, water molecules are re-adsorbed, and the gel regains its initial size and color. All experiments were performed in
oxygen-rich solutions without any specific precautions taken.

The installation of a flexible guanidinium linker to the net-
work provided significant electrostatic interactions and
ion pair assisted H-bonding around the imine bonds thus
augmenting its material strength, the ability to gelate, and
its chemical resistance.”” Interestingly, in the presence of
base, the guanidinium moieties are oxidized to their guan-
idinyl radical cation state as proven by the appearance of a
strong signal in the solid state electron paramagnetic reso-
nance (EPR) spectrum of the base-treated gel. The for-
mation of the radical cation occurs via a proton-coupled
electron transfer (PCET) process.” As anticipated, addition
of 12 M NaOH solution deprotonated the *N-H proton of
the guanidinium unit and coupled to an electron transfer

formed the N state (Figure 1b). This oxidation process de-
creases the hydration state of the gel inducing a release of
water molecules from the network as a result of the depro-
tonation of the guanidium unit which results in the con-
traction of the gel. The addition of HCI reprotonates the
guanidinyl radical cations back to their cationic guani-
dinium form prompting the influx of water, causing expan-
sion of the gel back to its original size.

RESULTS AND DISCUSSION

The synthesis of the gel network, TG-DFP, was achieved
by mixing TG*Cl (8.46 mg, 0.06 mmol) and DFP (12.15 mg,
0.09 mmol) in 2 mL of a water:ethanol (1:1, v:v) mixed sol-
vent at room temperature. A stable opaque gel formed
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within 4-5 hours which was confirmed by the inverted vial
test (Figure 1a). The FT-IR spectrum (Figure S1) of the TG-
DFP wet gel showed the disappearance of the signal corre-
sponding to the amine bond (-NH) at ~3334 cm ™, the alde-
hyde (-C=0) groups at 1701 cm ™, and the appearance of a
characteristically strong stretching band at around 1626
cm which clearly indicate the consumption of the starting

Height (nm)

P02 04 06
Length (um)

Figure 2: SEM (a), HR-TEM (b-c) and AFM (d) images of
TG-DFP. The TG-DFP gel was first dispersed in ethanol
and sonicated under ambient conditions for 10h. A small
volume of the ethanolic solution was then left to dry on a
copper support before imaging. Microscopic characteriza-
tions show 2D-like nanosheets morphology.

Scanning, transmission electron, and atomic force micros-
copy (SEM, Figure 2a, HRTEM, Figures 2b and 2c¢, and
AFM, Figure 2d) revealed that TG-DFP has a sheet-like
morphology (Figures S2-S3). Using HR-TEM analysis at
higher magnification (Figure 2c), stacked sheets were ob-
served, which was further confirmed by AFM analysis. The
atomic force microscopy image shown in figure 2d was rec-
orded to further evaluate the thickness of the TG-DFP
nanosheets. The measured height was ~5 nm, denoting
that the nanosheet was comprised of ~15 stacked layers,
given that the n-r stacking distance of the TG-DFP is 3.3 A
obtained from powered X-ray diffraction (PXRD) analysis
(Figure 3a).

The gel material exhibited weak broad PXRD peaks in the
low angle region. The diffraction peak at 20 = 5.4° can be
assigned to the (100) plane of the regularly ordered lattice,
and the broad peak at 20 = 26.67° corresponds to the re-
flection from the (oo01) plane (Figure 3a) suggesting n-n
stacking.>® The atomic positions and cell parameters of TG-
DFP were optimized using the Self-Consistent-Charge
Density-Functional Tight-Binding (SCC-DFTB) method as
implemented in DFTB+17.1.>° All atoms were described us-
ing the 30b-3-1 parameter® ® set and Lennard-Jones dis-
persion. In order to minimize the effect of the charged
framework and “free” chloride ions, all optimizations used
a 2x2 unit cell. Models based on distorted hcb layered
structures (Figure S4) were generated in the trigonal P3
space group. Although the gel shows weak crystallinity and
its conformation cannot be clearly distinguished between

Chemistry of Materials

the eclipsed and the staggered, the best agreement be-
tween experimental and simulated PXRD patterns were
obtained for eclipsed stacked structures with a triangular
sequence (Figure 3b), resulting in unit cell parameters of a
=37.273,b=35.525 Aand c =12.30 A.

a)

Experimental

Simulated

A,

10 20 30 40 50
20 (Degree)

b)

Figure 3: (a) PXRD pattern and simulated crystal structure
of TG-DFP. Experimental PXRD pattern of the as-synthe-
sized gel (red line), simulated XRD pattern using preferred
eclipsed stacking (black line), and side view of a capped
stick representation of four stacked layers of calculated
TG-DFP (in-set); (b) Top view of a capped stick represen-
tation of stacked layers of the TG-DFP crystal structure.
The simulated 2D unit cell parameters are a = 37.273, b =
35.525 A and ¢ = 12.30 A.

The structure is highly flexible compared to regular hcb
layers due to the presence of the guanidinium moiety and
the meta positions of the aldehyde groups in the pyridine
linker, which imposes a non-linear connection between
the triangular guanidine nodes. The broadness of the
PXRD peak can be explained by the inherent flexibility of
the guanidine linker connected in a 2D-net.>® We note that
though the X-ray pattern is quite broad, however there are
some features in it which differentiate it from completely
amorphous material. For example, there are three differen-
tiated broad areas at 20 below 202, which suggest that there
is a certain degree of long-range order periodicity, and that
their positions are in agreement with a hexagonal layered
structure. In addition, there is another clear broad peak
centered at around 27° that appears to be more intense
than the peak corresponding to the 100 plane, which does
not match the theoretical ratio of intensity in the simu-
lated pattern. These observations could be attributed to
the preferential orientation along the c-direction of TG-
DFP net, which is similar to those commonly found in lay-
ered materials (including graphite and carbon nitride).”
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Taken together, these results suggest that the material can
be described as having a certain degree of periodicity, and
is not completely amorphous.

The permanent porosity of TG-DFP was assessed by N, ad-
sorption isotherms recorded at 77 K, and exhibited a type-
IT adsorption isotherm, which is characteristic of mesopo-
rous materials. The Brunauer-Emmett-Teller (BET) sur-
face area was calculated to be 53 m* g (Figure Ss5). The rel-
atively low surface area could be the related to the presence
of the chloride counterions and the flexible nature of the
structure. Low surface areas in cationic COFs were simi-
larly reported earlier.>* 3 Thermogravimetric (TGA) analy-
sis under N, atmosphere of TG-DFP revealed a thermal sta-
bility up to 200 °C (Figure S6).

Rheological studies were carried out to determine the me-
chanical properties of the gel network. A strain sweep ex-
periment in which the oscillating strain (y) was varied from
0.001 to 5 at an angular frequency of 1 rad/s was conducted
and the resultant stress was measured. The storage modu-
lus (G') and loss modulus (G") as a function of the applied
strain are presented in figure 4a. For TG-DFP, the viscoe-
lastic moduli (G' and G") showed that G' > G" for low strain
values, i.e., in the linear viscoelastic regime (LVR) TG-DFP
clearly exhibited solid-like elastic behavior.>* Beyond the
cross-over strain (denoted as yc in figure 4a), the material
displayed liquid-like behavior, i.e., G" > G'. For strain val-
ues corresponding to the regime beyond the LVR, both G'
and G" decreased, with G" giving rise to a weak strain over-
shoot (a ‘peak-like’ profile). This behavior is characteristic
of soft glassy materials. The magnitude of the storage mod-
ulus G' (in the LVR) was found to be ~ 100 Pa whereas the
cross-over strain at which the solid-like behavior becomes
liquid-like is 1.3. Frequency sweep experiments were con-
ducted in which the angular frequency (w) was varied from
0.1 to 500 rad/s and the strain amplitude was fixed at o.01
in order to be in the LVR. The resultant viscoelastic mod-
uli, G' and G" as a function of w are shown in (Figure 4b).
The values of G' and G" were independent of w over a large
frequency range indicating that the samples are true gels.
In common with the values obtained from the strain sweep
measurements, the G' value (in the frequency independent
regime) is ~ 100 Pa. Beyond the critical value of w (denoted
as w, in figure 4b), at ~ 40 rad/s, the gel broke down.

a) b) 1000
G' G o
—_ 100 Ma —_ v .
9_'1 2, £ 100 premnenmmnini, o
= Y = P&
ST U I T A K
i) Eroocfoonod 'Y; o] o 10 %Wo
®c
1 4 - - | P
0.01 0.1 1 0.1 1 10 100
Strain Angular frequency (rad/s)

Figure 4. Rheological measurements of TG-DFP: (a) Strain
sweep measurements and (b) Frequency-sweep measure-
ments of the gel.

We also conducted steady state rheological studies in
which continuous shear is applied to the sample while the
bulk viscosity (n) is measured as a function of shear rate
(Y)- The share rate was varied over 5 orders of magnitude
from 17 to 1e* Hz and the resultant shear rate dependence

of the gel’s viscosity is plotted in Figure S7a. TG-DFP ex-
hibited a Newtonian plateau at low shear rates with viscos-
ity values of ~1500 Pars. The plateau region extended up to
a shear rate of ~ 0.009 to ~ 0.004 Hz. At higher shear rates,
the viscosity of the gel sample decreased with increasing
shear rate, a clear indicator of shear thinning, which is a
characteristic feature of organogels. The plateau and thin-
ning regimes are demarcated by dashed lines (Figure S7a).
The shear rate dependence of viscosity in the thinning re-
gime (Figure S7a) can be described by a power law, i oc y*
', where ‘n’ is the power law or flow index, which was found
to be in the range 0.02—0.01.

Guanidinium derivatives are very basic (Pk, ~ 12) and act as
electron acceptors which allows them to undergo proton-
coupled electron transfer (PCET) in the presence of elec-
tron donors such as OH™ ions.” We speculated that, the
radical formation in the gel network would occur through
PCET mechanism,” by oxidation of the guanidinium (-H",
-e") upon the addition of NaOH, and reduction (+H", +e)
after HCI addition. The formation of the radical was con-
firmed by solid state EPR studies (Figures 5a and sb),
whereby a sharp peak in the EPR spectrum was observed
for the NaOH-treated gel (10 mL, 12 M). The radical form
of the gel was very stable as witnessed by the persistence of
the EPR signal (Figure S8) recorded after seven days on the
same base-treated gel. In order to confirm the PCET mech-
anism and get a better insight into the actuation process,
we analyzed the chloride content of the gel before and after
base addition (radical cation versus radical formation), by
conducting energy-dispersive X-ray spectroscopy (EDX,
Figure S9) measurements on the as-prepared cationic gel
and the radical form. Interestingly, no net loss of chloride
anions was observed before and after the addition of base.
This observation rules out the single electron transfer
mechanism which would be associated with a net loss of
chloride anions as a consequence of the formation of a neu-
tral radical species. The addition of base induces a notice-
able color change of the gel from yellow to deep red as a
result of radical formation. These results (EDX and EPR)
coupled together confirm that the addition of NaOH in-
duces a PCET mechanism. The oxidized radical cationic
form of the gel can be reversibly reduced back to its cati-
onic state by the addition of HCI (10 mL, 6 M). Reduction
of the gel back to its cationic form was further confirmed
by the absence of signal in the solid state EPR spectrum of
the acid-treated gel.

Interestingly, the radical cationic form of the gel had a
higher mechanical strength than the as-synthesized cati-
onic form. Rheological studies revealed that the magnitude
of the storage modulus G' of the gel increased by a factor
of 40 after NaOH treatment. The crossover strain was
found to be y. = 0.3, 4.3 times lower compared to the y. of
the as-synthesised form (Figure 5¢). Frequency sweep ex-
periments revealed that G' of the oxidized form is 3800 Pa,
38 times higher than G’ of the reduced form. This behavior
indicates that the oxidized radical cationic form of the gel
is mechanically stronger than the as-synthesized cationic
gel. The critical value wc for the oxidized form of the gel
was 8o rad/s (Figure 5d) and the shear rate was restricted
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to up to ~ 0.004 Hz. The flow index was found to be o.o1. of the gel is more susceptible to shear thinning as com-
1 The flow index is a measure of the extent of shear thinning pared to the as-synthesized cationic form (Figure S7b).
2 and it is clear from the values that the radical cationic form
3 b)
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21 Figure 5: Solid state EPR spectra of the TG-DFP gel: as synthesized cationic form (a), and after NaOH (12 M) treatment (b),
22 insets of (a) and (b) show digital photographs of the gel before and after exposure to a 12 M solution of NaOH respectively;
23 strain-sweep (c) and frequency sweep (d) measurements of the NaOH-treated gel.
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48 Figure 6: (a) Digital photographs sh0w1ng the color change of TG-DFP gel from yellow (in acid) to red (in base) over four
49 cycles; (b) Digital photographs showing the shape-morphing effect of base and acid on TG-DFP. The size of the gel shrinks
50 upon addition of NaOH (12 M) and re-expands in presence of HCl acid (6 M); (c) The contracted volume of the gel was
calculated (in triplicate) for representing every 10 min in order to determine the rate of the actuation process, the rate was
51 measured in the initial 10 min*; (d) Bar graphs represent 60 min the volume/mass change of the TG-DFP gel, the observed
52 values were measured in triplicate. The volume and mass of the gel after contraction are depicted in percentages (~ 60 %
53 and 85 % of the original values respectively); (e) Photographs of TG-DFP showing the effect of base addition on the density
>4 of the gel. Increasing the basicity of the solution makes the gel less dense than water and the gel starts raising till it reaches
55 the surface at pH = 14. (f) Effect of pH on the mechanical strength of TG-DFP gel showing a clear trend of increase of storage
56 modulus G' with the increase of pH.
57
58
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The acid-base reversibility of the TG-DFP material was
performed for 4 consecutive cycles (Figures 6a) without a
noticeable degradation of the structure of the gel network.
The expansion-contraction was regulated by using NaOH
(12 M) and HCI (6 M) solutions. A cylindrical piece of the
as-synthesized yellow gel was immersed in 12 M NaOH.
Upon standing for 30 minutes, the gel material shrank in
volume with a noticeable color change from yellow to red
(Figure 6b). Following acid treatment, the gel re-expanded
to its initial size over a period of 28 h and regained its initial
color. To calculate the rate of contraction and the final vol-
ume/mass ratio, the gel was kept in the NaOH solution for
one hour (Figure 6¢) and the percent ratio of volume and
mass was measured (Figure 6d, Figures S10-Su) at different
time intervals. The degree of contraction in volume de-
creased with time till it reached a plateau after 1 hour. The
contracted volume/mass ratio could be obtained (Figure
6d) as the percent ratio between the final volume/mass of
TG-DFP after contraction to the volume/mass of the as-
synthesized gel. The rate of volume contraction (Figure 6c,
figure S10) of each of the disc-shaped gels was calculated in
the first 10 min, and was found to be 6 vol %/min.}

The addition of HCl induces the re-expansion of the gel
material and leads to ~99.7% regaining in mass after 28 h
of treatment (Figure Su). The pyridine units of the network
are susceptible to protonation upon addition of HCI acid.
To confirm the protonation of pyridine moieties, we first
synthesized the monomer (Scheme S1) from the condensa-
tion reaction between 2-pyridinecarboxaldehyde and tri-
amino guanidine. 'H-NMR spectrum of the monomer
showed a sharp singlet peak in the § = 9.36-8.90 ppm re-
gion, which corresponds to the signals of the azomethine
proton (Figure S12). When we treated the monomer with 6
M HCI, we observed a remarkable downfield chemical shift
for both the signals of the azomethine and aromatic pro-
tons, which clearly indicated the formation of pyridinium
ions. To gain further insight into the protonated form of
the gel, X-ray photoelectron spectroscopy (XPS) analysis
experiments were performed on the cationic as-synthe-
sized TG-DFP and the HCl-treated TG-DFP. XPS measure-
ments (Figure S13) on the as-synthesized gel showed a
band at 398.5 eV for the pyridinic (-C;H;N) nitrogen atom
corresponding to the N 1s peak which shifts to 4o1.2eV
upon acid addition, which clearly confirmed the presence
of pyridinium (-C;H;NH") ions. EDX elemental analysis re-
vealed that the percentage of chloride ions did not signifi-
cantly differ between the pristine gel, figure Sga and its ox-
idized state upon base treatment (Figure Sgb). However,
when the as-synthesized gel was treated with 6 M HCl acid,
an increase in chloride ions was observed figure Sgc which
correlates with the protonation of pyridine units.

We also carried out a systematic investigation of the time-
dependent expansion and contraction of the gel in re-
sponse to acid and base (Figure Si4). Most of the contrac-
tion/expansion in shape occurs within the first 60 min. A
drastic change in the length of the gel could be observed
during the oxidation process, so we also calculated the ra-
tio of the length (r) as a function of time (Figure S15), which

was determined as r = L,/L, x 100 (%) with L, being the dis-
tance between two arbitrarily-selected points on the gel af-
ter oxidation and L, the distance before oxidation. After the
steep contraction, saturation was reached at t = 60 min.
The value of the length ratio was estimated to be 88.4 +
1.1% at time t = 5 min, which finally reached 42 + 1.2% after
60 min.

The observed contraction behavior may be attributed to
the fact that during the oxidation process, TG-DFP loses a
significant amount of water molecules.>® This in turn low-
ers the molecular weight of the material and the density of
the gel network. The decrease in the density is clearly ob-
served when a piece of the gel, initially in water at a pH of
7, residing at the bottom of the beaker, is propelled to the
surface when a solution of sodium hydroxide is added (Fig-
ure 6¢). A gradual elevation of the gel was observed de-
pending on the pH of the solution till it reaches the surface
at pH > 12. According to the experimental results shown in
figure 6e, the gel material showed an instant color change
color change and started to exhibit a buoyancy effect at pH
=12-14.

The pH-dependent strength of the gel was investigated us-
ing rheology. Figure 6f shows that the gel network is quite
weak at pH < 10. However, when the gel material is treated
with a basic solution of pH values higher than 10, the gel
exhibited a significant enhancement in strength. Fre-
quency sweep tests were conducted for the gel material
when treated at a pH range from 7 to 14 (Figure S16). At pH
= 14, the gel displatyed a storage modulus G' on the order
of ~10° Pa, which is extremely higher than previously pub-
lished covalent organic gels.” 3*3* We also recorded the
EPR spectra of the dry gel samples after treatment with
aqueous solutions of different pH values. As it can be seen
from figure S17, the intensity of EPR signal increases sub-
sequently with the increase of basicity.

This actuation process could be repeated for 4 consecutive
cycles with the structure of the TG-DFP gel remaining in-
tact as confirmed by subsequent SEM, TEM, and PXRD
analyses (Figures S18a-c). The retention of the macroscopic
shape of the gel after many cycles suggests the possibility
of non-covalent crosslinking between the observed 2D
sheets. We hypothesize that water molecules bridge the
sheets via hydrogen bonding. This hypothesis explains why
the reversibility of the contraction-expansion process was
observed with no loss of the macroscopic shape of the gel
or sloughing off of layers.

To check the mechanical stability of the gel after five cycles
of base/acid treatments, we carried out the frequency
sweep experiment of the gel after the fourth cycle (Figure
S18d), at 1% strain amplitude, from 0.1 to 500 rad/s. From
frequency sweep experiments, it can be clearly seen that
the elastic nature of the gel was retained and we were not
able to see any crossover of G’ and G”, even at higher fre-
quencies. The storage moduli G’ was greater than that of
the loss moduli G”. The magnitude of the storage modulus
G' in the linear viscoelastic regime (LVR) was found to be
~ 221 Pa, which clearly confirms the stability of the gel after
several cycles of treatment with acid and base. However,
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the crystallinity of the network, after each cycle of contrac-
tion and expansion, decreases over time (Figure S19).

CONCLUSION

In summary, we have prepared a cationic imine-linked
guanidinium-based dynamic gel that function as a redox
responsive actuator by releasing or adsorbing water mole-
cules depending on the redox state of the guanidinium
units. The actuation behavior was triggered upon the addi-
tion of a concentrated solution of base which induces the
deprotonation of the guanidinium units and coupled to an
electron transfer process leads to the formation of the rad-
ical cation form of the gel which is of different color and
contracted compared to the as-synthesized material. Addi-
tion of HCl acid restores the initial redox state of the guan-
idinium units and concomitantly the initial color and size
of the gel. This actuation behavior is thought to be the con-
sequence of the change in the hydration state of the gel
upon deprotonation/oxidation or protonation/reduction.
Water molecules are expelled upon the formation of the
radical and re-adsorbed after protonation. The contrac-
tion-expansion process could be repeated for several cycles
without any noticeable degradation of the material. Oxida-
tion of the guanidinium units also permits the manipula-
tion of the mechanical properties of the gel. The contracted
gel is mechanically stronger and possesses enhanced elas-
ticity. Moreover, this material can be easily accessed in a
one-pot synthesis without the need for any additives to in-
duce actuation. This design strategy can be adapted for the
preparation of a wide range of new multifunctional mate-
rials with potential real-world applications.
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