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Abstract

As an alternative to liquid crystal elastomers (LCE) involving azobenzene (AZO) units
or photochromic microcrystals, a novel supramolecular photoactuator is presented in the
shape of a thin film with centimetric size. The thin film is easily obtained by spin coating and
does not require any alignment or crosslinking processes. Chemically, this photoactuator
combines a photochromic dithienylethene (A) functionalized with ureidopyrimidinone (UPy)
units with a telechelic thermoplastic elastomer (B) functionalized with UPy units as well,
allowing the connections of the two compounds via quadruple hydrogen bonds. Upon
alternating UV/visible light irradiation, a reversible bending/flattening movement was
observed together with a reversible change of color. Both processes were studied using a
displacement and absorption tracking setup. The photomechanical effect (PME) has been

rationalized through Kinetic analysis and combining distinct material science techniques


mailto:stephane.aloise@univ-lille.fr

implementing in-situ illumination. The PME is explained in terms of photoinduced strain
generated inside 160 nm UPy-bonded dithienylethene domains that reversibly expand and
contract (by about 50%) under UV and visible light, respectively. The semi-crystallinity of
the elastomer and a strong supramolecular network connecting both A and B have been
identified as important parameters to efficiently turn the microscopic photo-strain into
macroscopic actuation. If the performances of the supramolecular actuator are not comparable
to those of state-of-the-art LCE-AZO systems (low power light were favored), potential

improvements are discussed for the future.

1. Introduction

Over the past two decades, there have been extensive global efforts to develop smart
materials that respond to external stimuli such as heat,[1] electricity,[2] magnetic fields,[3]
humidity,[4] or light.[5] These technological advances have impacted various industrial
sectors, including environmental issues,[6] biotechnology, health monitoring,[7]
engineering,[8] soft robotics,[9] and the textile industry.[10] Photoresponsive materials,[11—
13] such as photomechanical materials, offer advantages over other stimuli due to their
wireless controllability and spatial selectivity. In addition, the stimuli can be tuned by
changing the intensity, the wavelength, or even the polarization of the light.[14] Given their
ability to convert light energy into mechanical forces, these materials have gained increasing
interest from both academic and practical perspectives.[13] Materials that exhibit a
photomechanical effect (PME) under irradiation[14-17] can be classified according to their
actuation mechanisms: i) photoelectric processes, which are mostly found in inorganic
solids;[18,19] ii) photothermal processes for dye-containing systems;[20,21] iii)
photochemical systems that involve only an organic photoswitch -the so-called dynamic
crystals-[22-24] or photochromic units embedded in a polymeric matrix.[25-27] In this
article, we will focus on the latter class of systems. Several families of photochromic
compounds, including spiropyrans and fulgides, have been tested for the development of
photoactive materials.[28,29] However, two molecules have particularly caught the interest of
researchers: diarylethene (DAE) and dithienylethene (DTE) derivatives due to their bistability
and high fatigue resistance[30] and azobenzene (AZO) derivatives, which undergo significant
molecular geometry changes during trans/cis photoisomerization, resulting in substantial

deformation of materials.[31,32]

For AZO derivatives, fibers,[33] functionalized polyimides,[34] or functionalized

polymer networks[33,35] have shown promising PME but limited to less than 1%



photoinduced shrinking. To increase efficiency, a straightforward approach was to align and
orient the photoresponsive units. With the development of liquid crystal elastomers
(LCE),[36] improvements in photomechanical effects have been achieved by aligning the
mesogens using methods such as electric fields, magnetic fields, external stretching, and
appropriate glass cell coatings.[37—40] Since 2001, Finkelmann et al. have been pioneering in
introducing new functionality to the well-known thermomechanical LCE by demonstrating
reversible macroscopic shape changes through photoisomerization of nematic
monodomains.[41] Ikeda's group achieved further improvement by synthesizing multi-domain
LCEs using thermally polymerized liquid crystal monomers and crosslinkers based on
azobenzene derivatives.[42] The high concentration of AZO units limits light penetration to
the surface and induces a bending or flattening behavior of the thin film under UV or visible
irradiation, respectively.[42-45] To increase the durability of the final photoactuator,
composite systems with an additional flexible plastic film (polyethylene) have been
investigated to produce the first light-operated motors reported in the literature.[44,46] To
date, the PME reported for LCE-AZO systems is the most efficient, but it has two major
drawbacks: i) the presence of thermal back-reaction for AZO units (as they are not bistable
photoswitches) and ii) the need for an additional processing step for mesogen alignment and
film cross-linking. The first question was recently addressed by Lahikainen et al. They
replaced the AZO with DTE units[47] to tune the photothermal effect of the LCE. More
recently, Hebner et al.[48] prepared DAE-LCE containing thiol-anhydride linkages to
elaborate a photoactuator with good performances under UV or visible irradiation. The
photoactuator showed almost 6% photostrain over 5 photochromic cycles. This approach
utilizes thiol-anhydride dynamic bonds within the network structure to align the LCE and
maintain its shape after initial deformation. However, it is important to note that some
temperature elevation up to 80°C is still necessary to activate the dynamic chemistry. In terms
of processing complexity (see Zhao et al.[49] for a review), Ube et al. recently studied a
thermoplastic polyurethane containing AZO units in the backbone to achieve reversible
photoactuation and versatile processability without the need for a covalent crosslinking step.
The macroscopic shape was controlled by the formation of physical cross-links through
hydrogen bonding interactions. However, alignment under mechanical stretch at 90°C was

still necessary.[50]

The substitution of covalent cross-linking with supramolecular interactions or dynamic
networks presents a promising strategy for achieving simpler processability and promoting

recyclability.[51,52] The study of supramolecular bonds in photoactive polymeric materials



has included hydrogen-type bonds,[53-55] halogen bonds,[56] coordination bonds,[57] ionic
interactions,[58] charge transfer interactions[59], and host-guest interactions.[60] In
particular, the synthesis of 2-ureido-4[1H]-pyrimidinone (UPy units) by Meijer and
coworkers[61-63] has opened the door to the formation of supramolecular polymers based on
quadruple hydrogen bonds and their ability to be attached to side groups of the polymer
backbone or as telechelic units.[54,55] To generate good flexible materials, the
functionalization of copolymers such as poly(ethylene-co-butylene) (PEB) with UPy units,
noted in the following Elastomer B (see Figure 1) was first performed by Meijer et al.[64]
with an amorphous microstructure and the semi-crystalline analog was recently reported[65]
depending on the extent of ethylene content (hard fragment) concerning butylene units (soft
fragment). In this case, Differential Scanning Calorimetry (DSC) and Small/Wide Angle X-
ray Scattering (SAXS/WAXS) techniques demonstrated a double physical cross-linking
through polyethylene crystallites and UPy-UPy stacking units.[64,65] Takeshita et al. have
recently reported the synthesis of a photochromic molecule called DTE derivative, which has
been functionalized on both sides with UPy groups. This Photoswitch A (refer to Figure 1)
has self-assembly kinetic driven by irradiation.[66,67] According to ultrafast spectroscopy,
the supramolecular self-assembly process does not significantly affect the primary

photoswitching processes in the solution.[68]
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Figure 1. Molecular structure of a) isomers of dithienylethenes functionalized with UPy (A) in open (OF) and
closed (CF) forms, b) poly(ethylene-co-butylene) fully functionalized semi-crystalline (B) with UPy, 50%
functionalized semi-crystalline (Bsy) and fully functionalized amorphous (Bam). c) lllustration of supramolecular
self-assembly between A and B through quadruple hydrogen bonding linking two UPy moieties.

The objective of the present work was to create a new type of photo-actuator using a
simple and fast processing method that doesn't require any alignment steps. We combined a
photoswitch (A) with a thermoplastic elastomer (B) to create a supramolecular polymer
network (A/B) that uses quadruple hydrogen bonding of UPy units. Our goal was to use the
versatility of supramolecular chemistry and the performance of DTE units to create a
reversible photoactuator that is solely controlled by light, without any participation of
photothermal effects. Furthermore, we present the PME for our new class photoactuator with
special attention given to structural and morphological rationalization. The importance of the

elastomer microstructure and efficient UPy network is demonstrated.

2. Results and discussion



2.1. Processing and tracking setup

Processing is remarkably simple: photoswitch A and elastomer B are mixed in
chloroform solution and then spin-coated on silicone paper. Free-standing strips (10 mm x 2
mm X 20 um) are cut from the spin-coated thin film (A/B) and maintained in a vertical
position by a tweezer (Figure 1a). The thin film obtained is photochromic, the open form (OF)
being colorless and the closed form (CF) being blue (as expected from the solution study)[68]
with an absorption maximum near 600 nm as shown in Figure 1b. Before starting
measurements, a period of 24 hours of rest is imposed (thin film in a vertical position held by
tweezers) to release any residual mechanical stress (from substrate peeling, tweezers
constrain). Then, each system is characterized according to the displacement tracking profile
(video) and absorbance tracking profile (laser and photodiode) described in the experimental

section.

2.2. Photoactuation vs Photochromism

The performance of the photoactuator is shown in Figure 2c for both the displacement
tracking profile (black curve) and the absorbance tracking profile at 635 nm (red curve)
during 6 cycles of 1 hour of visible or UV illumination. The supporting information section
S2 includes Video S1 of the tracking profile. Two snapshots of the video are shown in Figure
2a, while the maximum displacement for each cycle is shown in Figure 2d.

Focused on Figure 2c, the displacement and absorption tracking profiles show similar
trends, indicating a strong correlation (see below). Initially, the thin film (A/B) with the OF
photochromic units is non-reactive during the first visible irradiation because the film is
colorless (verification stage). When the light is switched to UV, the film displaces 375 pm to
the right (toward the light direction) and turns blue during the OF—CF photoconversion.
Upon exposure to visible light, the film returns to its initial absorbance value (OF) and moves
backward along a 475 um distance. The forward and backward movement is reported on five
occasions, providing evidence for the reversibility associated with the photoconversion
processes of A. It should be noted that the decreasing intensity for the absorbance tracking
curve (Figure 2¢) is not related with photodegradation. Indeed, we took advantages of the
supramolecular property of the (A/B) system by redissolving the thin film in chloroform to
make sure that the absorbance after 6 cycles was unaltered compare to the starting material.
Instead, this decrease of intensity is due to a screening effect related to small percentage of
unconverted CF (around 10%) after one full UV/Visible cycle (OF—-CF—OF). The residual

CF absorbs UV light too and conscequently decrease the number of UV photons available for



the photoconversion process of the OF decreasing logically the CF quantity. Unlike solution,
full conversion of photochromic thin film takes very long time but we restrict the irradiation
period (1h) to avoid relaxation of the elastomeric matrix. In the following, we expect that the

screening effect may influence the photomechanical behavior.

As shown in Figure 2d, the extent of the displacement remains constant for visible
illumination, with a mean displacement of ~480 um. With UV excitation, the displacement
first increases for the initial two cycles, peaking at 600 pum, and subsequently decreases to 390
pm continuously. Anyhow, the proximity of the two displacement values permits achieving

the desired reversibility at the macroscale in comparison to DTE monocrystals.[69]

Before proceeding with the analysis, it is important to clarify that no thermal process
could have caused the reported displacements. Indeed, during a long illumination sequence
with a consistent LED power of 1 mW.cm?, the temperature of the photoactuator was
measured using a thermal camera. The temperature ranged between 23° and 27°, as shown in
Video S2 and S3 available in Supporting Information S5. Therefore, this system is

exclusively controlled by the photochemistry of the photoswitch.

In terms of the bending velocity performances, the present system runs at around 0.1
um.s™ ! for both UV and visible irradiations. At first glance, these performances seem to be far
from recent state-of-the-art LCE-AZO systems with similar thicknesses, (70 um.s™ for UV @
10 mW.cm? and 10 pm.s™ for visible at 40 mW.cm™).[50] However, we must take into
account that our illumination conditions are much lower (1 mW.cm™) than those used in other
studies, which explains the difference in results. However, even with a moderated range, we
obtain strong evidences that photomechanical effect is linearly proportional to the power of
the LED for both that UV and Visible excitation (see Supporting Information S6) which
confirm that the photochromic units play a central role within PME. The much higher slope
for the UV light compare to visible excitation is in adequation with the higher quantum yield
expected for photocyclisation compare to photoreversion. [REF HAMDI 2019] Furthermore,
unlike other systems, we do not proceed with additional heating during the photoactuation
cycle. Anyhow, as already mentioned, more than improving performances, we are interested

in proposing a novel alternative and easy processable system.
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Figure 2. (a) Snapshots from Video S1 showing the position of the thin film (A/B) at the end of the first visible
and UV illumination cycle (1 hour each). (b) Absorbance spectra of thin film (A/B) under gradual illumination
with UV. (c) Displacement tracking profile (black curve) and absorbance tracking profile (red curve) for an
initial colorless thin film (A/B) during 6 cycles of irradiation (1 hour) with UV (310 nm) and visible light (590
nm) with moderated LED power (1 mW.cm'z). The dimensions of the thin film are (10 x 2 x 0.017) mmg.(d)
Maximum magnitude of the displacement for each UV (purple) and visible (orange) cycle.



Kinetic Analysis. The mechanical response of our system is controlled by the
photochemistry of the A units across the film, similar to DTE monocrystals,[70] since we
have excluded any photothermal contributions. Therefore, to quantitatively correlate the PME
with the photochromic gradient CF/OF across the film, subsequent kinetic analyses of both
the displacement and absorbance tracking profiles were performed. After testing the multi-
exponential function, it was found that both the displacement D=f(t) (black curve in Figure
2c) and absorbance A=f(t) (red curve in Figure 2c) tracking profiles are best fitted with a
double exponential function for UV excitation and a mono-exponential function for visible

illumination, as shown on the equations below:

t t t t

UV —» D(t) < aPe 7 +ale 72 vs  A(t) x afe ™ +afe T (1)
_t _t

Visible » D(t) < ale % vs  A(t) x ade (2)

where 7¥ and af (index=1,2 for UV and i=3 for Visible; suffix X = A for absorbance or D for
displacement) are characteristic times and pre-exponentials factors respectively. Such
particularity (mono vs double exponential) has been reported in the past for spiropyran
microcrystals[71] or amorphous DTE.[72] The justification for the bi-exponential behavior in
UV versus the mono-exponential behavior in visible light can be explained through the
mathematical model developed by Bertarelli et al. [REF Bertarelli] In essence, the first
exponential depend solely on the photoconversion rate while the second exponential term
includes the contribution of the elastomer absorbing a portion of the UV light, a process
absents for visible light. Note that other factors can contribute to this second exponential term
like the antiparallel/parallel ratio [REF IRIE] or the photoenolization of the UPy units. [REF
photoenolization] However, beyond the physical explanation of this result, our purpose is to
assess the possible quantitative correlation between both photomechanical and photochromic

processes.



Table 1. Characteristic times (t{,t4) and (tP,72) were deduced from fitting the absorbance and displacement
tracking profiles for each UV cycle respectively with a biexponential function. Characteristic times (t3) and
(z?) were deduced from fitting the absorbance and displacement tracking profiles for each Visible cycle
respectively with a mono-exponential function.

Absorbance tracking profile A(t) Displacement tracking profile D(t)

uv Vis uv Vis

Cycle 74 75 4 P 0 0
[min] [min] [min] [min] [min] [min]

1 1.2 18 - = = -
2 1.3 19 28.8 4.4 50 16.1
3 21 26 28.3 4.9 a7 17.4
4 2.2 28 26.9 5.3 36 19.5
5 2.4 32 26.1 6.2 39 21.0
6 2.8 35 25.9 5.6 23 21.9

Let us first analyze the photoreversion case (visible illumination). From cycle #1 to
cycle #6, as seen in Table 1, the characteristic time 74 (< 22 min) decreases for the
discoloration kinetic when 72 (< 26 min) is increasing for the displacement, i.e. the bending
back motion velocity is slowing down. Note that the PME under visible irradiation is
somewhat faster than the discoloration kinetic. From a quantitative point of view, the linear
correlation between the two times is excellent (R?=0.988) with the following equation:

VISIBLE - 12 =70-18x+1{ #(3)

Regarding photocyclization, the process is more complex due to the involvement of
two distinct time periods. The coloration kinetic involves a short time (z{< 3 min) and a
longer time (z4<35 min) while the displacement is slower with also a short characteristic
time (t?< 6 min) that contrasts with a longer time (z2< 50 min). If both times evolve along
the cycle numbers, only the second time correlates properly (R*=0.85) with a similar
equation compared to the previous case.
UV - 12 =80—-15*18 #(4)

The similarity between equation (3) and equation (4) testifies quantitatively for the
reversibility of the photomechanical effect attributed to the reversibility of the photochromic
reaction. In the near future, one has to rationalize the physic-chemical origin of both intercept
and slope values of both correlation equations with the final idea to optimize the material
performances (quantitative structure-property relationship).

2.3. Composition variation



i) Photochromic unit concentrations. In this study, thin films with varying molar ratios
of photochromic units (A:B) were used to examine their effect on displacement tracking.
Figure 3a shows the backward/forward displacement for thin films 1:1, 1:2, 1:3, and 1:5.
Although the displacement is similar to the reference case (1:1), the amplitudes are different.
Considering, for example, Cycle #3 (Figure 3b), the maximum displacement reached during
UV or Vis irradiation of each film is plotted against the molar ratio. It is clear that, even
though the curves are slightly different for either the UV or the visible illumination, the
general result is simple: the PME is proportional to the content of A units. The
photomechanical effect (PME) is directly proportional to the concentration of photoswitch
units, whether under UV or visible illumination. Therefore, higher concentrations of
photoswitch units result in a stronger PME.
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Figure 3. (a) Displacement tracking profiles (Cycle #3) for a series of thin films with different molar ratios (A:
B) with approximately the same thickness. (b) Maximum displacement vs molar ratio.

i) UPy Network. The role of the UPy-UPy hydrogen bonding network has been
performed by the comparison of the displacement tracking profile of two thin films containing
the same photochromic unit A but with different elastomers: i) the regular elastomer B,
previously used, and ii) a novel elastomer where only 50% of chain-ends of the PEB were
functionalized by a UPy unit, (Bsp). The displacement tracking profiles of the two thin films

(A/B) and (A/Bs) are displayed in Figure 4a using the same scale.
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Figure 4. a) Displacement tracking profiles comparing thin film (A/B) (black line) and thin film (A/Bso) (red line).
b) Displacement tracking profiles comparing semi-crystalline thin film (A/B) (black line) and amorphous thin film
(A/Bam) (blue line).

Clearly, the first striking result concerns the drastic decrease in the PME amplitudes for
both UV and visible excitations. When only 50% of chain-ends of PEB are functionalized
with a UPy unit the PME amplitudes are reduced by an average factor of ~15 for UV and ~12
for visible excitation. Concerning the dynamic analysis comparing both systems (A/B) and
(A/Bsp) (see Table S1), it is striking to observe for photocyclization a quite similar behavior
for cycle #2 followed by a drastic decrease of t, (50 to 16 min) for the (A/Bso). Surprisingly,
the characteristic times for visible excitation are of the same order of magnitude for both
systems. In conclusion, to obtain a large PME and avoid a drastic attenuation effect, it is
necessary to have UPy groups at both chain ends of the PEB, which form efficient UPy dimer

domains.

iii) Microstructure. To investigate the effect of PEB elastomer crystallinity, we
compared the displacement tracking profiles of a previous thin film (A/B) with a modified
version using an amorphous elastomer (Bay) instead of the semicrystalline elastomer (B), as
shown in Figure 4b. The amorphous nature of B,y compared to its crystalline analog is
demonstrated on WAXS results (see Supporting Information S6) The well-know crystalline
peaks related to polyethylene crystallite [REF] disappeared leaving only an amorphous halo
which show unambiguously the amorphous microstructure of B,n. The amorphous thin film
exhibits a similar back-and-forth displacement under successive UV/visible irradiation
compared to the (A/B) system, but there are also some significant differences. First, PME
amplitudes were divided by an average factor of 2.7 for UV and 2.5 for visible, respectively.
Regarding the kinetic aspects (refer to Table S2), the photoreversion time t; was again

minimally affected by the microstructure change, while a drastic decrease for the



photocyclization was observed (time t,) with the amorphous microstructure (t; was
minimally affected). However, the most notable finding is the emergence of a new process.
During visible illumination periods, the film bends towards the light direction, resulting in
mechanical relaxation. This relaxation occurs after 20 minutes of irradiation and may be due
to a rapid reorganization of the elastomeric network, causing rearrangement in packing and
generating a smaller displacement. The displacement profiles were fitted with linear
functions, and their slopes are given in Table S2. It is important to recall that partially
crystalline elastomer B is crosslinked due to UPy-UPy aggregates interaction, while
crystalline domains come mainly from polyethylene crystallinity. On the contrary, the Ban
elastomer has the same crosslinking produced by the interaction between UPy-UPy
aggregates, but since the polybutylene content is higher concerning the polyethylene, it does
not have crystalline domains, being mostly amorphous. Therefore, the comparison of the two
samples shows that the semicrystalline of the elastomer is not necessary to obtain PME, but it
does increase the amplitude of the collective effect, probably due to relaxation minimization.
Furthermore, the presence of semicrystalline domains prevents the attenuation of the

collective effect during successive irradiations.

2.4 Structure and Morphology

In this section, we envision to rationalize from a structural and morphological point of
view, the PME obtained for the thin film (A/B) with the aid of different techniques by
comparing the OF and CF samples or implementing in-situ illumination during the
measurement.

Microscopy. AFM analysis was performed on a single film (A/B) exposed to in situ
illumination. Images were taken of the same area before illumination, after 1 hour of UV
exposure, and finally after 1 hour of visible irradiation. The three AFM images (2 x 2 )um?
are displayed in Figure 5a-c. Although no regular features are present and a slight shift occurs
between images, it is possible to identify a common point on each image (marked with a
white crosshair). Figure 5d uses this reference point to compare the height profiles extracted
along the z-axis (height) and integrates the area under the curves (within the dashed
rectangle). It is observed that after UV irradiation, the height profile of the film increases by
42%. This effect is attributed to the OF—CF photocyclization. After switching the sample
back to the OF state using visible light, there was a significant decrease in peak height,
resulting in a reduction of approximately 40% of the curve area. These results provide



evidence for reversible photoinduced expanding/contracting of the domains containing DTE,
at least at the surface of the thin film.
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Figure 5. AFM images, (a) film (A/B) not irradiated, (b) film irradiated with UV light at 310 nm for one hour, and
(c) same film irradiated with visible light at 590 nm for one hour. The power of both LED lamps was set to 1
mW.cm™. d) Comparison of the area obtained in each of the height profiles (on the X axis) for the AFM images
(not irradiated, CF, and OF), using as reference the point shown as a white crosshair.

To corroborate these latter results, SEM analysis was performed on two samples from
the same thin film (A/B) after 3 hours of UV (CF) or visible (OF) exposure. Because the
surface of the samples is non-conductive, each sample was carbon coated (thickness of about
200 A). Both OF and CF SEM images are displayed in Figure 6. The OF image displayed a
non-uniform topography with domains of irregular morphology but with well-defined
boundaries. In contrast, the CF sample exhibits a more rugged, irregular topography with
irregularly shaped domains and poorly defined boundaries. At first sight, the domain size
appears to be smaller in OF compared to CF. Indeed, the quantitative analysis illustrated in
Figure 6c reveals that the average diameter distribution for OF is 163 nm with a standard
deviation of 43 nm, whereas CF has an average diameter of 250 nm and a standard deviation
of 96 nm. The SEM analysis indicates that CF domains are 53% larger than OF domains in
perfect agreement with the AFM results.
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Before going further, the question of the exact location of the photochromic units inside the
elastomeric matrix has to be address. The elemental EDX maps of sulfur is displayed on figure S9 for
OF and CF the latter element being indicative of the presence of A molecule slolely. At first glance, at
the micrometric scale, the sulfur atoms are distributed homogeneously at the surface of both
samples OF and CF. With this technics, we cannot distinguish the presence of domains outlined with
SEM images and AFM analyses. (As expected, the atomic emission Koo spectra (not shown) also
indicates that the concentrations of S are similar in both samples). However, by zooming the image,
we are able to distinguish region without photochromic units with ranging less than 100 nm size. The
contrast between the domain with and without photochromic units is probably an important factor

to rationalize the PME.
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Figure 6. SEM images thin films (A/B) in a) Open Form and b) Closed Form. c) Domain size distribution

Scattering. Our group has previously conducted a comprehensive study on the same
thermoplastic (poly(ethylene-co-butylene) elastomer thin film B but for different processing
protocols (drop casting, thermal molding).[65] With the WAXS technique, we have reported
first the full description of the crystalline structure of polyethylene segments in either
orthorhombic or monoclinic forms.[73—-75] As expected, functionalizing the thermoplastic
elastomer with UPy unit results in a supramolecular network that creates a competition
between the natural organization of the elastomer (dependent on the copolymer
ethylene/butylene ratio) and the organization of the macromolecules via quadruple hydrogen
bonding. Indeed, the microstructure of the supramolecular network has been revealed by a
weak feature assigned to the interplanar distance of 1 nm between UPy near neighbors[76]
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(dimers)With the SAXS technique, a clear microphase separation has been reported between
polyethylene segments and UPy-UPy domains (see the two peaks in SAXS, Fig. 4, Louati et
al.[65]). We are now interested to rationalize the interaction between A and B by analyzing
SAXS and WAXS spectra with in-situ illumination.

To gain a thorough comprehension of our system, we conducted WAXS and SAXS
analyses using an in situ illumination sequence, depicted in Figure 7. This was done by taking
a spectrum before illumination, a spectrum after 1 hour of UV irradiation, and ending with
taking a spectrum after 1 hour of visible irradiation. The deconvoluted WAXS spectra (refer
to Supporting Information SI6) revealed the presence of five peaks, in addition to a large
corresponding to an amorphous fraction. Four of the five peaks correspond to the crystalline
fractions of polyethylene: two peaks at 26=21.3° and 23. 5° correspond to the (110) and (200)
planes of the orthorhombic form (a=7.40 A, b=4.93 A, and c=2.54 A), while the peaks at
20=19.5° and 23.1° are associated with the (001) and (002) planes of the monoclinic form
(a=8.09 A, b=4.79 A, ¢=2.53 A, and P=107°).[65,77-79] Following our preliminary results,
the small peak at 26=8.1° corresponding to the reflection of the stacked planes of the UPy
domains at d=1 nm is detected.[55,76,80] The crystallinity and the relative fractions of the
crystalline phases were calculated from the integrated areas of the corresponding peaks. The
orthorhombic fraction represents 75% while the monoclinic fraction represents 25% of the
overall crystallinity. A comparison of the three spectra under the influence of light revealed
no differences in peak shape or intensities, and the overlap of the three spectra was perfect.
Therefore, the packing of the ordered parts of the supramolecular network remained unaltered

during the illumination sequence.

In contrast, the structureless SAXS spectra presented in Figure 7b are responsive to
irradiation which demands a careful analysis. As already reminded above, the elastomer B
(drop cast thin film) alone[65] presents two distinct peaks attributed to a microphase
separation between the polyethylene crystallites and UPy domains. Introducing the
photochromic unit A significantly disrupts this microphase separation as evidenced by the
disappearance of one of the peaks for the SAXS spectra of the A/B system. Then, as seen in
Figure 7b, the effect of successive UV/visible illumination sequences (1h duration) on the
photoactuator A/B is quite striking. The results can be summarized as follows: i) the high-q
contribution spectra increase in intensity after receiving 1h UV irradiation, while the low-q
contribution remains constant; ii) the process is reversible as, after a subsequent 1h long

illumination under visible light, the scattering curve returns to the initial state. In fact, the



SAXS profile before irradiation can be interpreted as the sum of two contributions. On the
one hand, at low q (i.e. below 5.102 A™) the scattered intensity steadily increases with the
decrease of g. This contribution is attributed to the scattering from a large size structure which
cannot be determined here due to the limited low g-range accessible. On the other hand, the
scattering signal at g > 5.10% A™ can be attributed to the scattering arising from the UPy

stacks.

Upon UV illumination only changes regarding the scattered intensity at “high” q are
observed. More precisely, while the shape of the curve remains the same, only the intensity of
the curve increases. Considering that this part of the curve originates from the scattering of
the UPy stacks, this intensity change can be interpreted by a change in electronic contrast
between the UPy stacks and the surrounding matrix. Indeed, the scattered intensity 1(q) can be

expressed as:

I(q) < Ap?.5(q). F(q)#(5)

With Ap?, the difference of electronic density between the scatterer (i.e., the UPy stacks)
and the matrix; F(q) being the form factor which corresponds here to the shape of the UPy
stacks; S(qg) being the structure factor which corresponds to a potential regular arrangement

between the scatterers (assumed here to be neglected due to the low concentration of UPy).

The reversible increase or decrease of the SAXS signal observed upon UV/visible
irradiation reflects a change in the electronic density of the UPy stacks containing the
photoswitch units. The OF molecule is known to be more flexible (with free libration of
thiophene moieties) than the rigid CF molecule, implying a better conformational adaptation
to the environment, in contrast to CF analogs that push apart the hydrogen-bonded UPy
dimers. Furthermore, the electronic density of the photochromic core of CF is stronger than
that of the electron densities isolated on the two thiophene moieties of OF.[30] Therefore, the
reversible change in electronic density detected by SAXS can be attributed to the
conformational/electronic density change from OF to CF of photochromic units engaged in
UPy domains.

In conclusion, by gathering together the AFM, SEM, and SAXS results, the PME is
explained in terms of photoinduced reversible contraction/expansion of UPy domains
diameter of ~160 nm containing the photochromic units which expand under UV (rigid with
high electronic density CF) up to ~250 nm and reversibly contract under visible light (flexible

low electronic density OF). Those domains are illustrated by the colored circles in Figure 7c.
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2.5 Rationalization of the PME.

Throughout this manuscript, it has been shown that photomechanical behavior can be
obtained in a centimeter (A/B) photoactuator with a supramolecular approach based on UPy
units. Strong evidence suggests that photoswitching DTE units lead the entire system during
the photoactuation process, as long as the duration of the illumination sequence is faster than
the matrix relaxation. The efficiency of photochromic units to propagate their actuation
around their environment is so strong that it is reasonable to make an analogy between pure
DTE crystal photoactuators[15,81] and thin film (A/B). This analogy is illustrated in Figure 8.
Both crystalline and elastomeric photoactuators rely on the same property of DTE, namely,
the variation in flexibility in contrast to its rigidity and the change in molecular size in its
different states. Irie et al. demonstrated this phenomenon over a decade ago by characterizing
the structure of DTE crystals. Their crystallographic measurements of OF and CF revealed
elongation of a specific crystallographic axis under UV irradiation, while other planes
remained unaffected by light.[70] In addition to the above results, our novel A/B system,
despite the lack of long-range order between the DTE units, the expansion and contraction of
the UPy domains of the photochromic units surrounded by amorphous matter shows that it is
not a well-defined crystalline order that is necessary to obtain PME.[72] However, it is
important to consider that the semicrystalline fraction within the polymer matrix plays a
crucial role in the propagation of photostrain throughout the material. As a result, it is highly

correlated with the efficiency of the photoactuator.
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Figure 8. a) Bending of a thin film (A/B) in the direction of light by increasing the size of the domains from OF to
CF b) Schematic illustration of the photoinduced bending. The blue molecules are photogenerated closed-ring
isomers in the crystal. Reprinted (adapted) with permission from M. Morimoto and M. Irie, “A Diarylethene
Cocrystal that Converts Light into Mechanical Work,” J. Am. Chem. Soc., vol. 132, no. 40, pp. 14172-14178, Oct.
2010, doi: 10.1021/ja105356w. Copyright 2023 American Chemical Society.
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3. Conclusion

PME of polymeric systems is promising to achieve controlling matter using light. As an
alternative to either AZO-LCE or crystalline DTE photoactuators, a novel supramolecular
approach has been investigated by combining a semi-crystalline thermoplastic elastomer B
and a photochromic unit A, both of which are functionalized with UPy units to allow a strong
quadruple hydrogen bonding between the two components A and B. In contrast to the
complicated and energy-intensive protocols required for either the LCE system
(photopolymerization, thermal stretching, etc.) or the crystalline DTE (several days of
recrystallization), the thin film (A/B) is easily and rapidly prepared by simple spin-coating
from solution.

The breakthrough idea of this study is to restrict the PME to the unique actuation
originating from the photochemistry of DTE alone far from the thermal requirements of LCE
systems. In this sense, we have shown that a strong analogy can be built between crystalline
DTE and our system that includes an additional elastomer and paves the way to build
centimetric systems.

From a structural point of view, it has been found with several material science
techniques that the thin film (A/B) is crosslinked with both polyethylene crystallite and UPy
domains (~160 nm). The PME relies on the well-known property of flexibility of the OF
contrasting with the rigidity of the CF after electrocyclization of the photochromic core. As a
consequence, the UPy domains containing DTE molecules expand by about 50% under UV
and reversibly retract under visible irradiation. The most important parameters to get an
efficient PME are i) a good hydrogen-bonded UPy network to avoid the microphase
separation between PEB chains and DTE units; ii) the presence of semi-crystalline
polyethylene segments that help to amplify the PME initiated inside the UPy domains
containing the photoswitch and restricting damping effect.

Finally, we can expect to improve the performances in the future by following several
routes: i) molecular design of both elastomer and DTE with the idea to control the local
structure of the UPy domains; ii) choosing dissymmetric illumination period to take into
account the specific photochemistry of OF and CF species. iii) increasing the LED power to
combine both photochemical and photothermal effects. Such material optimizations as well as

advanced mechanical measurements are now under investigation in our laboratories.



4. Experimental Section

Films preparation

The films were prepared from a polymer solution based on a mixture of A and B (or Bsy,
Bam) in chloroform. A molar ratio (A:B) of 1:1 was used with a relative amount between A
and chloroform of 33 wt%. The solution was stirred at reflux for 1 hour and then sonicated for
15 minutes. The solution was then dropped (at room temperature) onto a silica paper substrate
and spin-coated (APT, mod: SPIN150) at 200 rpm for 150 seconds (the thickness of the films
obtained was about 20 pum). The polymer films obtained were cut into small rectangles of (10

x 2) mm? for subsequent analysis and characterization.

General characterizations

Illumination system. The illumination system consisted of two LED lamps with
collimated light. They were placed 7 cm away from the film with a 60° angle between the two
lamps. A LED lamp (MIGHTEX LCS 0590-03-22) with a wavelength of 590 nm was used
for visible light, while for UV light a LED lamp (MIGHTEX LCS 0310-03-23) with a
wavelength of 310 nm was used. An LED driver (MIGHTEX SLA-1000-2) was used to
control the intensity of both lamps. For all analyses, the intensity of the visible light and the
UV light was adjusted to 1 mW.cm-2.

Displacement tracking video setup. Before each analysis, the film (10 x 2 x 0.017)
mm?® was suspended in the fixation system and fixed with clamps for 24 hours without any
manipulation to avoid mechanical relaxation effects. The bending of the films during the
illumination cycles of the LED lamps was recorded in time-lapse video, each frame (photo)
each second. The video was recorded using an electronic industrial microscope consisting of a
HAEYER mod: HY-1138 with a 30 MP camera and a 300X objective. Both the camera and
the LED lamps were controlled by LABVIEW, a National Instrument USB-6501 controller,
and a dedicated program. All measurements were performed in the air and carried out at room
temperature. All samples were subjected to multiple actuation conditions to verify the
reversibility and reproducibility of the bending changes. The tracking profile analysis was
performed using Adobe After Effects software on the recorded videos. Details of the

displacement calculation can be found in supporting information S3.



Absorbance and absorbance tracking profile. The steady-state absorption spectra of
the films were obtained using a double-beam VARIAN spectrometer (CARY100 bio-visible)
with a spectral range of 200 to 800 nm. For thin film spectra, the air was used as a reference.
The real-time absorbance tracking profile for the films (A/B) was performed in situ with an
OPHIR power meter (StarBright, 7201580) using a photodiode (PD300R-UV) with a spectral
range from 200 to 1100 nm and a power measurement range from 20 pW to 3 mW. A
THORLABS laser (PL202) with a wavelength of 635 nm was used as the excitation medium,
to which a filter lens with an optical density of 2 (OD=2) was added to reduce the laser
intensity and avoid photoreversion. A 635 nm laser line filter (THORLABS, FL635-10) was
placed in front of the photodiode to avoid contributions to the absorbance measurement from
the visible LED.

Material science technics. Wide-angle X-ray scattering (WAXS) and small-angle X-ray
scattering (SAXS) experiments were performed on a Xeuss 2.0 (Xenocs) operating under
vacuum with a GeniX3D microsource (A = 1.54 A) at 0.6 mA and 50 kV and a 2D Pilatus 3 R
200 K detector. The analyses were performed in transmission mode. The WAXS patterns
were acquired with a sample-to-detector distance of 160 mm, while the SAXS detector was
positioned at 2300 mm from the sample. From the patterns, the WAXS and SAXS scattered
intensities were integrated and plotted against the scattering angle 20 and the scattering vector
q = (4n/M)sind, respectively. In-situ illumination was implemented using the illumination
system described above.

Morphological analysis was performed using a JEOL JSM 7800F LV (Electron
Microscopy Platform). The secondary electron images to document the surface morphology
were acquired with 2kV acceleration voltage, low probe current value (below 100 pA), and
10mm working distance to avoid polymer degradation. Prior to observation, the films were
fixed on an aluminum stub with conductive carbon adhesive tape, and carbon deposit (~200
A) was carried out using a carbon evaporator to make the surface conductive. Because of the
carbon deposition, in-situ illumination was not possible, and SEM images of the OF and CF
samples were taken separately (with illumination before the carbon deposit). Chemical
elemental Energy-dispersive X-ray (EDX) analyses were conducted with an accelerating
voltage of S5keV using a X-Max SDD (Oxford Instruments) detector. The EDX maps were
treated and extracted using the software Aztec 6.1 (Oxford Instruments). AFM analysis was
performed with an NTEGRA mod. NT-MDT in semi-contact mode with a silicon cantilever
with gold coating NTEGRA, mod. NSG30 and an oscillation frequency of 278.34 Hz. The



images were taken on the films without any surface preparation, at atmospheric pressure and
room temperature. In-situ illumination was implemented using the illumination system
described above. The scanned areas were 2 pm x 2 um with a resolution of 1024 x 1024 lines.

Analysis was performed using Gwyddion software (open source).
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