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Bending Actuation of Hydrogels through Rotation of Light-Driven

Molecular Motors

Alexis Perrot', Wen-zhi Wang", Eric Buhler, Emilie Moulin, and Nicolas Giuseppone*

Abstract: The unidirectional rotation of chemically
crosslinked light-driven molecular motors is shown to
progressively shift the swelling equilibrium of hydrogels.
The concentration of molecular motors and the initial
strand density of the polymer network are key parame-
ters to modulate the macroscopic contraction of the
material, and both parameters can be tuned using
polymer chains of different molecular weights. These
findings led to the design of optimized hydrogels
revealing a half-time contraction of approximately
5 min. Furthermore, under inhomogeneous stimulation,
the local contraction event was exploited to design
useful bending actuators with an energy output 400
times higher than for previously reported self-assembled
systems involving rotary motors. In the present config-
uration, we measure that a single molecular motor can
lift up loads of 200 times its own molecular weight. )

Introduction

Molecular machines are nanoscale objects functioning in a
Brownian environment and able to convert a source of
energy into controlled motion to perform a task.'™ They
can involve two distinct types of actuating components, i.e.
molecular switches or molecular motors.®""! With molecular
switches, the energy input shifts the equilibrium state of the
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system, either to reach a new thermodynamic minimum or a
metastable state of higher energy. Therefore, molecular
switches have the potential to influence their surrounding as
a function of their state. In general, the reinitialization of
the switch during the backward process cancels any work
that was performed during the forward process.> With
molecular motors, however, the absorption of energy leads
to an unidirectional and sequence of states which can be
repeated autonomously in a cyclic manner. Therefore,
molecular motors have the potential to influence their
surrounding as a function of the spatial trajectory of their
motion and they can produce an increasing mechanical work
on their environment upon constant energy supply.>® This
is why the continuous and cumulative energy output
produced by molecular motors can in principle drive the
systems to which they are connected far from their
thermodynamic equilibrium.*?? This peculiar energetic
mechanism rules the functioning principles of many essential
biomolecular machines found in living systems, such as
ATP-synthase, kinesins, or myosins.”**! Similar thermody-
namic principles have been also recently exploited by
synthetic chemists for the development of a series of
innovative artificial molecular motors capable of using
various sources of energy, and of producing specific
tasks.”>™ Among them, light-driven rotary motors!'3*¢
introduced by the pioneering work of Ben Feringa and his
co-workers®” are of particular interest because (i) their
structure is made of a very small number of atoms; (ii) they
use light as a source of energy, which can be controlled both
temporally and spatially, and which does not generate waste;
(iii) they can reach high functioning frequencies under
appropriate conditions;***! and (iv) they can deliver high
work and force.*™™ In the present study, we focus on
second generation light-driven rotary motors,*! in which
alternating photoisomerization and thermal helix inversion
steps lead to the continuous and unidirectional rotation of
their rotor part around the double bond and relative to their
stator part (Figure 1, with rotor in blue and stator in red).""

Light-driven rotary motors have been incorporated in
various materials to confer them stimuli-responsive
properties.®** In particular, they have been used in soft
matrices, such as dopants in liquid crystalline systems™! or
self-assembled structures,“****) where changes in configu-
ration and/or conformation of the molecule during its
operation led to macroscopic changes of the materials
properties. We have also reported their use as mechanically
active covalent crosslinks in polymer gels. Investigations on
these systems demonstrated that the repetitive unidirec-
tional rotation of the motor under UV light can twist pairs
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Figure 1. a) Structure and representation of tetra-azide motor (S)-2 used as a tetrafunctional crosslinker. The ‘stator’ is represented in red and the
‘rotor’ in blue. b) Reticulation of telechelic bis-alkyne PEG with tetrafunctional crosslinkers resulting in the formation of a photoactive gel.
Irradiation of the material with UV light triggers the unidirectional rotation of the motors, thereby creating new physical entanglements, and

leading to the macroscopic contraction of the network and syneresis.

of polymer chains into the network. The creation of these
new entanglements effectively changes the swelling equili-
brium of the gels, which macroscopically contract over time
under light irradiation.*”! Our initial studies mainly focused
on the impact of the motor on the mechanical and structural
properties of the gels swollen in organic solvents.”*>! In the
present work, we now shift our focus on the polymer
network itself, and we elucidate key internal and external
parameters affecting the operation of these machines in soft
materials. By doing so, we reveal important improvements
which include: (i) the efficient functioning of these gels in
water, a solvent of interest for new potential applications,
(if) the improvement of their kinetic contraction efficiency
by one order of magnitude, and (iii) their implementation as
macroscopic actuators in which a single molecular motor can
lift up to 200 times its own molecular weight.

Results and Discussion
Modular Synthesis of Polymer Networks

Previously reported light-sensitive contractile polymer gels
were formed by reticulating molecular motors bearing two
orthogonally functionalized polymer chains upon copper-
catalyzed azide-alkyne cycloaddition (CuAAC).** How-
ever, this design requests to synthesize, for each particular
gel, a particular polymer-motor conjugate before reticula-
tion. Hereafter, all the chemical gels are based on a new
design in which tetrafunctional motors are used as cross-
linking agents for telechelic macromolecules. In this top-
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ology, linear bis-alkyne polymers are crosslinked by a tetra-
azide light-sensitive molecular motor (Figure 1a). Advanta-
geously, this methodology allows that a unique molecular
motor can reticulate polymer chains with different molecular
weights, topologies, and/or chemical structures, and that
other functional crosslinking units can be easily added to the
formulation. The active tetra-functional motorized units
were obtained by grafting short triethylene glycol (TEG)
spacers to a generic second-generation molecular motor.[*>*
Two types of TEG spacers with terminal azides were
synthesized: the first one bearing a p-toluene sulfonate end
group for functionalization of the stator part, and the second
one bearing an amino end group for functionalization of the
rotor part.

Starting from the partially deprotected molecular motor
(S)-1, whose gram-scale synthesis was previously reported,*
we obtained tetra-azide motor (S)-2 after three steps
consisting in an alkylation, a saponification and an amida-
tion with an overall yield of 59 % (see Supporting Informa-
tion for the synthetic protocols and characterizations of
products). Then, alkyne-terminated poly(ethylene glycol)
(PEG) chains of variable molecular weights were synthe-
sized from commercially available telechelic o,®-dihydroxy-
PEG. Deprotonation of the terminal alcohols with sodium
hydride and subsequent nucleophilic substitution on prop-
argyl bromide led to a,o-dipropargyl-PEG with average
molecular weights My, 22400, 6700 and 8700 gmol ', which
we refer to as PEGyyy, PEGg and PEGg,,, respectively
(see Supporting Information).

In a previous study, we showed that an optimal
mechanical and structural response of these gels is achieved
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when they are chemically reticulated at the overlap or
crossover concentration c* separating dilute and semidilute
regimes where chains are entangled and form a network.>**!
Such concentration ensures quantitative crosslinking, while
minimizing the amount of initial entanglements that could
impair the contraction of the network under UV light.
Incidentally, the overlap concentration also determines the
concentration of motors needed for the preparation of the
gels in stoichiometric proportions between azide and alkyne
groups. Therefore, we determined at this stage the overlap
concentration of the free telechelic PEG chains in different
solvents using intrinsic viscosity [n] measurement of the
solution (see Table 1). We subsequently prepared a series of
gels at c* using different solvents to achieve crosslinking
(entries Gel; and Gel,), or with different thicknesses (entries
Gel,-Gels) and different molecular weights (entries Gel,,
Gelg; and Gel,) (Table 1, see Supporting Information for
details on the preparation). Several parameters were then
investigated to better understand and optimize the contrac-
tion behavior of these materials.

Optimization of the Contractile Behavior of Gels Cross-linked
with Light-Driven Molecular Motors

The local structural changes under contraction of such gels
at c* were investigated using small-angle neutron scattering
(SANS),”" a technique much more sensitive to the PEG
chains (see Supporting Information for details concerning
the contrasts). We retrieve the typical overall behavior of
cross-linked networks swollen in good solvent with the
following sequence (Figure 2a and Supporting Information
for other gels): (i) the signal of excluded volume chains at
high g, where q is the scattering vector, with a characteristic
g "-q' transition at the length scale of the PEG chain
persistence length (~1nm in average); (if) a Lorentzian
variation associated with the correlation length ¢ of the
entangled network at mid-g; (iii) and finally a low-¢g upturn
showing the presence of heterogeneities larger than the
SANS length scale, a general characteristic of gels.

To track the macroscopic gel contraction, a piece of gel
of ~0.25cm’ swollen in an appropriate solvent was
immersed in a cylindric cell, which was then placed in
between a camera and a UV light source. The camera
captured the evolution of the surface over irradiation time,
which can be converted into an evolution of the relative

Table 1: List of prepared PEG gels crosslinked with molecular motor
(S)-2.

EntryReticulation sol- Thickness M, c* ml1=1/c*
vent [mm] [gmol™] [mgmL™] [cm’mg™]
Gel, CH,Cl, 0.5 6700 52 0.0193
Gel, DMF 0.5 6700 68 0.0148
Gel; DMF 0.75 6700 68 0.0148
Gel, DMF 1 6700 68 0.0148
Gel; DMF 1 6700 68 0.0148
Gel; DMF 0.5 2400 88 0.0113
Gel, DMF 0.5 8700 58 0.0171
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Figure 2. a) SANS scattering profiles obtained before light irradiation
(blue dots) and after 40 min of irradiation (red dots) for Gel, at
c*=68 mgcm . Details concerning the fit of the data are given in the
Supporting Information; b) Contraction of Gel, (blue) and Gel, (red),
swollen in water, under UV light at 365 nm (80 mW cm~?); c) Contrac-
ction of Gel,, swollen in water (red) or THF (blue), under UV light at
365 nm (80 mW cm™?). Error bars represent the standard deviation
over at least two samples. Dashed lines are guides to the eye.

volume by considering an isotropic 3D contraction (see
Supporting Information for experimental details).
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Solvent quality may significantly alter the contractile
behavior of these mechanically active gels because it
regulates the chains interaction and conformation. First, the
reticulation solvent—in which the copper-catalyzed azide-
alkyne cycloaddition is achieved—influences the initial
structure of the network. Here the intrinsic viscosity is
scaling with the degree of polymerization like [n]~N'* (see
Table 1), indicating an ideal chain conformation for the
telechelic chains and possibly explaining the formation of
heterogeneities. However, the experimental scaling expo-
nent is usually found to be smaller than 4/5 for short chains -
as here - in good solvent. Formation of heterogeneities may
mostly originate from the specific PEG extremities. Second,
the swelling solvent— in which the light-driven contraction
takes place—determines the structure of the network and
the conformation of the polymer strands as more twists are
generated under UV. We compared two crosslinking
solvents for the formation of the gels by CuAAC: dimeth-
ylformamide (DMF) and dichloromethane (Figure 2b) (see
Table S2 for reticulation conditions). The contraction in
water of Gel,, formed in dichloromethane, is faster than the
one of Gel,, formed in DMF, and although they both reach
the same minimal relative volume of ~55 %. The formation
of new entanglements, leaving more space between newly
twisted pairs, is accompanied by a significant increase of the
gel correlation length, which is related to the mesh size of
the network. This increase was found to be maximal at c*
and strongly correlated with the contraction efficiency.™!
Figures S9 also display such behavior with a significant mesh
size variation for irradiated gels reticulated both in CH,Cl,
or DMF and swollen at c*. Importantly, such a variation is
not observed for control gels with non-rotative episulfide
motors and no contractile behavior (see Figure S9.d). We
found A{~6.8nm for a gel similar to Gel; at c* (see
Figure S9.b), showing a strong contraction efficiency. How-
ever, Gel 1 slightly degrades over time as seen by its loss of
fluorescence and by an increase in relative volume at the
late stages of irradiation. Therefore, considering that degra-
dation occurs, we favored the formation of gels in DMF for
the following study related to the influence of the swelling
solvent. Water and THF are both good solvents for PEG as
inferred from SANS displaying the characteristic signature
for the size of excluded volume network strands: R~N>*
(i€., the ¢°* power law). They were thus compared as
swelling solvents to elucidate their impact on the kinetics of
contraction (Figure 2c¢). The two solvents gave statistically
identical results, both in terms of kinetics and of minimal
relative volume, indicating that the chemical nature of the
solvent has little influence on the contraction, provided it is
a good solvent for the polymer strands. While a thickness of
2 mm was used for SANS, a significant A is observed in all
cases at c* (see Supporting Information). Obviously, the
possibility to actuate hydrogels is an important and
attractive novelty of potential applicative interest, and we
kept water as the swelling solvent for the entire following
study.

Pieces of gels were formed in molds of defined thick-
nesses (comprised between 0.5 and 2mm) to study the
influence of this parameter on the contraction (Figure 3). In
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Figure 3. a) Contraction of Gel,, Gel;, Gel,, and Gels, with thicknesses
of 0.5, 0.75, 1, and 2 mm respectively, under UV light at 365 nm

(80 mW cm™); b) Maximum contraction rate of PEG gels as a function
of their thickness. Gels were crosslinked in DMF and swollen in water.
Error bars are standard deviation over at least two samples. Dashed
lines are guides to the eye.

terms of Kkinetics, the thinner gels contract faster, a
phenomenon that can be attributed to the penetration depth
of UV light inside the material. Indeed, for thicker samples,
motors away from the light source receive less light and
hence rotate slower, and consequently the average rotation
speed of the motors and the contraction speed of the whole
material are lower. These results also show that for thicker
gels the contraction is not isotropic anymore, and this aspect
will be implemented for the design of actuators in the last
part of this article. When looking at the final contraction
values, the thinnest gels Gel, and Gel; reach the same
relative volume, indicating that this parameter is mainly
related to the structure of the network. However, Gel, and
Gels do not reach this value because only the side of the gel
closest to the light source contracts efficiently.

By varying the light intensity from 7mWcm ™~ to
368 mWcm™2, Gel, shows faster contraction for higher
irradiation powers, until this speed reaches a plateau above
80 mWcm ™ (Figure 4a—c). In the literature, kinetic models
established by Feringa and co-workers relate the irradiation

2
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power to the rotation frequency of molecular motors in
solution.® It was demonstrated that higher light intensities
lead to faster rotation rates of individual molecular motors
in solution until a limiting regime is reached for high photon

Angew. Chem. Int. Ed. 2023, 202300263 (5 of 11)

densities, and at which the system becomes thermally rate
limited. Here, the plateau reported in Figure 4c seems in
agreement with this kinetic model extended to the macro-
scopic output of our system, even if we know that the
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frequencies reached in the chemical gel are much lower than
those observed for free motors in solution.””! However,
further studies of these gels over a large range of temper-
atures proved to be very difficult in water due to their
volume variation caused by temperature itself.> % It
remains therefore difficult to decipher the photochemical
and thermal contributions leading to the contraction with a
sufficient precision.

In addition, for light powers below 80 mWcm™, the
average final contraction volume decreases with increasing
light power, from 69+7% at 7mWcm™ to 584+2% at
80 mW cm ? (Figure 4a). This trend suggests that molecular
motors can create more entanglements with higher light
intensities, and consequently further shift the swelling
equilibrium to smaller relative volumes. This is coherent
with the fact that the final swelling equilibrium of these gels
occurs when the work of the photoactive crosslinks is
counterbalanced by the mechanical strain generated in the
entangled network, as recently demonstrated for individual
rotary motors.!! However, above 80 mWcm™, this trend
does not hold (Figure 4b), probably due to some photo-
chemical degradation occurring under stronger UV light.
While this effect should not significantly alter the maximum
contraction rates (measured in the first minutes of contrac-
tion), it considerably limits the accuracy and reproducibility
of the final contraction volumes. Therefore, the following
study on the influence of the molecular weight of the
polymer was performed at the optimal value of 80 mWcm ™2

As explained above, we formed a series of PEG gels
with PEG chains of different molecular weights at their
respective c*. Very interestingly, we found that gels formed
from longer polymer chains contract faster and reach lower
relative volumes (Figure 4d-f). Concomitantly, a lower
variation of the gel correlation length is observed for short
PEG 3000 chains (see Supporting Information). One key
parameter of the gels modified by using polymer chains of
different molecular weights is the initial strand density ®;
(parts of chain between efficient motors and/or entangle-
ments in the network). Considering that the gels are formed
at their respective c*, @; is defined as:

®,;=c*xv (1)

where v is the specific volume of the monomer. Since c*~
N~ in good solvent, @,; is lower for gels formed from
longer PEG chains and individual strands can move more
freely. The energy barrier for molecular motors to twist
them together is then lower, thereby leading to faster
kinetics (Figure 4f). As E~¢ " for semi-dilute solutions in
good solvent, the correlation length of the network is also
higher. While it could be affected by the distribution of
heterogeneities, & is effectively higher for larger My as
compared to PEG 3000 (see Supporting Information).
Another parameter affecting the rotation kinetics of
molecular motors is their concentration in solution.’ Low-
ering the concentration of molecular motors in the gels
essentially means that there are more photons available per
motor for their rotation, and, hence, that they rotate faster
and lead to faster contraction kinetics (Figure 4e). Overall,
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we suggest that the contraction rate results from a combina-
tion of the impact of the strand density and concentration of
molecular motors in the gel. In addition, because longer
polymer chains have lower c*, the initial number of cross-
links is lower in the gel. Therefore, more new entanglements
can be created by the rotation of molecular motors before
reaching a concentration of (chemical and physical) cross-
links that leads to a loading energy in the network sufficient
to counteract the torque of the molecular motors.*!! In other
words, we suggest that when gels are formed from PEG with
higher molecular weights, the active crosslinks will create a
higher number of twisted entanglements and, hence, will
further shift the swelling equilibrium towards lower relative
volumes (Figure 4f).

From these series of investigations, it appears that the
best contraction speed should be achieved by irradiating
thinner gels crosslinked using longer polymer chains at c*
and irradiated at higher light power. Therefore, we deter-
mined the performance of such an ‘optimized’ Gel, formed
with PEGgyy, having a thickness of 0.5 mm, and irradiated
with a UV light intensity of 365 mWcm > (Figure 5 and
supplementary movie 1). This material shows a maximum
contraction rate of approximately 5% min~', and a contrac-
tion half-time t;, of ~5min. Compared to our initial
reports,*! it corresponds to a 10 times faster contraction.

Macroscopic Bending Actuation of Hydrogels Cross-linked with
Molecular Motors

As described above, we hypothesized that the relatively low
contractile efficiency of Gels, with a thickness of 2 mm, was
caused by the limited light penetration throughout the
material and, hence, the differential stimulation of the
motors in the network (see above and Figure 3). While this
phenomenon should be avoided for the bulk contraction of
gels, it becomes desirable to design bending actuators,
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Figure 5. Contraction of Gel, under UV light at 365 nm and at
365 mW cm 2 Error bars represent the standard deviation over two
samples. The dashed line is a guide to the eye.
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whose directional deformation should result from the
asymmetric change of volume along the thickness of the
material. Therefore, thin strips of Gels, with a length of
1.5cm and a width of 0.5 cm, suspended in degassed and
deionized water, were irradiated with UV light of appro-
priate intensity to trigger their bending motion, which we
quantified by measuring their bending angle 6 over time
(Figure 6 and supplementary movie 2).

By neglecting the deformation along the width and the
thickness of the material (considering their lower dimen-
sions compared to the length of the strips), a simplistic
model relating the linear deformation of the material along
the length of the irradiated face A and the bending angle 0
can be written (see Supporting Information for details):

d

with d and L the thickness and the length of the gel,
respectively, and 6 expressed in radians.

Importantly, the determination of A’ allows for a direct
comparison between the bending behavior of Gels and the
bulk contraction of thin gels described in the previous
paragraphs, because it gives the relative volume resulting
from an isotropic deformation when all three dimensions are
contracted by A.

We limited our investigations to intensities lower than
20 mW cm 2, where less than half of the thickness of the gel
is stimulated, as indicated by its fluorescence. Although this
maximum power is not optimal for the actuation speed, we
know however that a maximum deformation should be
reached over sufficient time (see above).

Similarly to the contraction speed of Gel, (Figure 4), the
strips of Gels bend faster when irradiated with light of
higher intensities (Figure 6b). Over the range of light power
tested, the maximum bending rates ranged between 0.06 and
1°min~!. When converted to the corresponding contraction
rates A*> (Figure 6¢), the maximum rate of local volume
change of the irradiated face of the strips ranged between
0.033 and 0.56 % min'. These values were compared to the
experimental trend determined for Gel, formed from PEG
chains of the same molecular weight but with a thin
thickness (see above and Figure 6d). The same linear
correlation between the contraction rate and the light power
is apparent, consistent with our results for thin gels.
Remarkably, the experimental rates measured for Gels are
also in the same order of magnitude as the ones measured
for Gel,. The slight increase in contraction rate observed for
Gel; may be explained by the fact that the motors close to
the surface, responsible for the bending behavior, rotate
slightly faster than the motors in the bulk of Gel, because of
the limited light penetration. Nevertheless, these results
demonstrate that the asymmetric contraction of thick self-
standing gels is similar to the bulk contraction of thin gels
and shows the validity of our model for estimating the
maximum bending rate.

For light intensities between 6.5 and 20 mWcm 2, all gels
reach a similar final bending angle of approximately 50°.
However, at a very low light power of 1.6 mWcm ™2 the
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Figure 6. a) Left, snapshots of the bending motion of strips of Gelg
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system barely bends over the time of the experiment
(Figure 6b). Except for this case, when converted into A%, the
bending angle corresponds to approximately 65-70 % of the
initial volume, which is identical to the values obtained for
thin Gel, in that intensity range (Figure 4). These results
show that the extent of the contraction is not altered when
irradiating self-standing gels and, similarly to the bending
rate (see above), the bending angle can be predicted from
the contractile behavior of the corresponding thin gels. Our
subsequent experiments were conducted with UV light at
6.5 mWcm 2, as it gave slightly higher final bending angles
and the gels showed less degradation over time at that
power.

The linear deformation A determined by our model is, in
fact, related to the difference of deformation between the
irradiated and non-irradiated surfaces (see Supporting
Information). Consequently, irradiation of one side of the
strip followed by irradiation of its other side, should lead to
a back and forth bending of Gels because of the final
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identical deformation of both surfaces of the strip. We
confirmed that behavior experimentally (Figure 7a-b, and
supplementary movie 3). Importantly, the bent gels could
sustain their shape for weeks in the dark, highlighting the
mechanical stability of our self-standing networks, and the
non-reversible rotation of the motor in these conditions.*"
However, since the actuation is caused by asymmetric
deformation of the material, the gel can be straightened by
irradiating the other face of the strip until the contraction is
homogeneous along its width. It should be noted that the
bending/contraction rates is slightly slower when coming
back after a first actuation, which can be explained by a
higher tension of the chains in the already contracted part of
the network, thus decreasing the motor frequency.

Further, since A is an apparent linear deformation
resulting from the difference of deformations between both
sides, it should be possible to achieve specific bending angles
with a dual and simultaneous irradiation of each side using
different light intensities. We tested this hypothesis by
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Figure 7. a) Back-and-forth bending of a strip of Gels under successive irradiation of each sides of the strip, and b) corresponding snapshots of the
gel. The gel was irradiated with UV light at 365 nm and 6.5 mW cm™ power intensity; ¢) Snapshots of simultaneous dual-side irradiation (365 nm)
of a strip of Gel; and d) corresponding calculated (open circles) and experimental (closed circles) bending angle (black) and linear deformation

(red) over time. Scale bars: 1 cm. Dashed lines are guides to the eye.
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irradiating a strip of Gels with UV light at 6.5 mWcm 2 on
one side, and 13 mWcm ™ on the other (Figure 7c-d), and
compared the experimental bending behavior to the calcu-
lated one determined from the difference of linear deforma-
tions at different light intensities, which was measured
beforehand (Figure 6¢). Comparison between the experi-
mental and the calculated values indicates again that our
simple model gives reasonable estimates of the bending
behavior: the time at which the maximum bending angle is
reached was calculated to be 1.5 h, and was experimentally
22h. Moreover, a maximal bending angle of 35° was
calculated, which is reasonably close to the experimental
value of 28°. Therefore, the final bending angle of our
contractile gels cannot only be determined by the irradiation
time (see above), but also by the simultaneous and
continuous asymmetric irradiation of both sides of the strips
with different light intensities. Overall, these results show
that a range of bending angles can be achieved and adjusted
with proper modes of irradiation power, time, and direction.

Considering equation (2), for the same deformation A,
the bending angle 6 should increase with the length of the
gel L. Consequently, we compared the bending behavior of
two strips of Gels with lengths of 1.2 and 1.5 cm, respec-
tively, while keeping the other dimensions identical (5x
2 mm?) (Figure 8a). The strip with the lowest length (1.2 cm)
reaches a final bending angle of 50°, while the one with a
higher one (1.5 cm) reaches a final bending angle of 60°.
Importantly, the linear deformation of the irradiated faces
of both strips is almost identical throughout the course of
irradiation in both cases, confirming the validity of our
model on that aspect. Therefore, the bending behavior of
our self-standing gels can also be controlled by the initial
shape of our materials.

Finally, we investigated the generation of mechanical
work from the deformation of our self-standing strips of
Gel; to lift different weights. A small hook was pierced
through the strips of gels, to which fishing weights of
different masses were attached.

First, the final bending angle gradually decreases with
increasing masses, from approximately 70° without load to
40° with a load of 43 mg, which represents a decrease of
45 % (Figure 8b). Second, the bending rate also decreases
with increasing weights, from approximately 0.53°min"
when there is no load, to approximately 0.21°min"! with a
weight of 43 mg, which corresponds to a 61 % decrease
(supplementary movie 4). One can reasonably suggest that
the stretching of the irradiated face by the load constrains
the twisting motion by the motor, and therefore affects both
the final bending angle and bending rate at the macroscale.

The heaviest lifting performance was achieved with one
strip of Gels bearing a load of 55.5 mg (Figure 8c). The
weight was lifted 3.5 mm above its initial position, corre-
sponding to a difference of gravitational potential energy of
2 uJ (see Supporting Information for details). Since the
concentration of ($)-2 in Gels is 5.3 mM, the energy
generation of our self-standing photoactive networks corre-
sponds to 038mJLmol' of molecular motors, or
129 mJLg ' of photoactive core (rotor and stator only). This
value is approximately 400 times higher than the previously
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Figure 8. a) Comparison of the bending angle (black) and linear
deformation (red) of strips of Gels with different lengths (open circles:
1.5 cm; closed circles: 1.2 cm) under UV irradiation (365 nm,

6.5 mW cm™?); b) Bending angle of strips of Gels with different weights
over time under UV light; c) Lifting height of a load of 55.5 mg by a
strip of Gels over time under UV light irradiation. UV light: 365 nm,
6.5 mW cm 2. Dashed lines are guides to the eye.

reported reference for actuators using molecular motors as
switches into self-assembled supramolecular fibers
(1 WJLmol™ of motors).*! Considering the dimensions of
the strips (15x5x2 mm®), Gels contains 0.27 mg of motor
core (see Supporting Information for details); therefore, it
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can lift approximately 200 times its own weight when
integrated in a covalent gel. These performances highlight
that the covalent integration of photoactive units in
actuators is a promising strategy for the generation of
mechanical work at the micro- and macroscopic scales from
nanoscopic motion. Importantly, these values are a low
estimate of the lifting capacity of that kind of molecular
motors in hydrogels, since the bending behavior results from
an asymmetric irradiation where only a part of the total
amount of motors is used for the actuation, and since a low
light power was used because of the relatively small thick-
ness of the materials.

On can finally notice that the magnitude of the flexural
deformation depends on the irradiation force, the sample
geometry and the bending or flexural modulus, which
corresponds to the tendency for a material to resists bending
as seen in Figures 6 and 7. The latter is assumed to be equal
to the elastic modulus of the gel, which was determined in a
previous work using rheological measurements.”!! As only a
part of motors is used for the actuation within this
asymmetric irradiation, the elastic modulus should be close
to the value determined for the extended gel; i.e. 6800 Pa for
PEGS5000 at c*. This gives a lower bound for the bending
modulus. The value determined for the contracted gel,
20500 Pa, gives a higher bound.

Conclusion

Molecular motors have the potential to become the key
components of a new generation of smart materials and
actuating devices. In order to integrate their individual cyclic
trajectories in collective motion, it appears of utmost
importance to define how to connect them with one another
and with their environment up to the macroscopic scale. In
the case of this study involving light-driven rotary molecular
motors covalently linked to polymer networks, we have
highlighted two key parameters impacting their actuation
efficiency as hydrogels: i) the photon density available per
motor, which drives its forward rotation and shifts the
material further from its initial swelling equilibrium, and
ii) the strand density of the network, which can counteract
the forward rotation of the photoactive crosslinks because of
the mechanical strain built in the network meshes. Our
systematic study led to the preparation of self-standing gels
where the operation of molecular motors led to bending
actuators revealing an energy output 400 times higher than
in the most comparable previously reported systems, and
capable to lift 200 times the weight of the molecular motors
at the origin of their work. We anticipate that the general
principles outlined in this study will be instrumental to
further develop efficient materials coupling molecular
motors in various soft networks.
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The integration of light-driven rotary
motors in polymer networks leads to
active hydrogels that can be engineered
as macroscopic bending actuators. In
this configuration, lifting experiments
reveal that a single molecular motor can
pick up loads of 200 times its own
molecular weight.
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