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Abstract: Molecular machines and responsive materials open a plethora of new opportunities in nanotechnology. We
present an oriented crystalline array of diarylethene (DAE)-based photoactuators, arranged in a way to yield an
anisotropic response. The DAE units are assembled, together with a secondary linker, into a monolithic surface-mounted
metal-organic framework (SURMOF) film. By Infrared (IR) and UV/Vis spectroscopy as well as by synchrotron X-ray
diffraction, we show that the light-induced extension changes of the molecular DAE linkers multiply to yield mesoscopic
and anisotropic length changes. Due to the special architecture and substrate-bonding of the SURMOF, these length
changes are transferred to the macroscopic scale, leading to the bending of a cantilever and performing work. This
research shows the potential of assembling light-powered molecules into SURMOFs to yield photoactuators with a

\directed response, presenting a path to advanced actuators.

J

Introduction

Artificial molecular machines and actuators have the
potential to revolutionize several fields in medicine, (micro-)
robotics and the internet of things.! Inspired by the muscles
of animals, actuators change their extension as a response to
external stimuli and perform mechanical work. Using light
as fuel to stimulate motion allows for a clean, fast and
accurate powering. In this way, numerous light-powered
actuators have been realized.”’ These efforts are typically
based on artificial light-responsive materials, which rever-
sibly change their properties upon interaction with
photons.' Often, photoresponsive materials are based on
molecules that reversibly and repeatedly isomerize between
two or more forms as response to the absorption of light of
different wavelengths.®’! Due to their favorable photophys-
ical properties, azobenzene, spiropyran and diarylethene
have been extensively explored.*>*

So far, most molecular photoresponsive actuators were
based on polymers, where the subunits are randomly

oriented.”) Moreover, molecular crystals of the photo-
switches were presented, where the molecular units are held
together by non-covalent interactions. In this way, several
photon-driven nanodevices could be realized, including
micro-particle transportation, shape-deformation and a
walker fueled by light.®*¢” The direction of the response in
such materials is often controlled by mesoscopic structuring
or by the direction of the light irradiation (and light
shielding). Although these demonstrations are impressive,
two shortcomings should be overcome to enable further
advanced applications, e.g. in micro-robotics: The device
integration needs to be improved and the responsive
material must be rigidly attached, ideally by chemical bonds,
to other materials. The photoactuating material should be
prepared on different substrates in a controlled manner,
providing a determined anisotropic response.

Metal-organic frameworks (MOFs) are materials with a
regular framework structure composed of metal nodes
connected by organic linker molecules.®) MOF structures
can be tailored to specific needs by the choice of their
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components, for example resulting in variable pore sizes and
functionalities.”? While most MOF materials are made in the
form of powders, homogeneous films can also be
prepared.l'”! The incorporation of photoresponsive mole-
cules allows the control of various properties of the MOF
material by light.' In this way, photoswitches like azoben-
zene and spiropyran have been integrated into MOFs to
control the adsorption, diffusion and membrane separation
as well as the ionic and electron conduction properties by
light."”? However, the assembly of photoactive linkers into
MOFs to yield photoactive materials is not straightforward,
e.g. switching of the linkers might be blocked by interactions
with the MOF lattice,™ or the photoisomerization even
leads to a collapse of the MOF structure.'? Besides, MOF-
types using only one type of linkers yield an isotropic
response, thus, a directional motion requires, for example,
polarized light or localized light irradiation and light
shielding.

A promising candidate for a photoswitchable linker is
diarylethene (DAE). Irradiation with light can induce a
transformation between the two DAE isomers (open and
closed form) via bond formation/cleavage between two
heterocyclic thiophenes.""""! The isomerization process hap-
pens without large-scale rotation and flipping, a fact which is
crucial with regard to the integration in the crystalline MOF
backbone. In addition, DAE compounds typically exhibit
a high quantum yield, a short response time, a large fatigue
resistance, and a  highly adjustable excitation
wavelength,™® all very favorable parameters for photo-
actuators. The relaxation time of the closed-form-DAE to
the thermodynamically stable open-form-DAE is very slow
and the DAE molecules are considered p-type photo-
switches (which isomerize photochemically reversible but
thermally irreversible). Several works have reported on
MOFs with DAE either in the linker backbone or as side
groups.”*') In a few cases,'’*" the change of the lattice
parameters upon DAE photoisomerization has been re-
ported. However, all these previous efforts have been
limited to powders, a form of MOF materials not well suited
for device applications, in particular as photoactuators.
Recently, free-standing MOF crystals which bend upon light
irradiation, caused by [2+2] cycloaddition and based on
azobenzene, have been presented.™™ To date, a MOF
photoactuator performing mechanical work, e.g. in form of
bending a substrate, has not been reported.

Here, we realized DAE-based, highly anisotropic MOF
thin films rigidly attached to a substrate by coordination
bonds sufficiently strong enough to transfer mechanical
forces. The pyridine-substituted DAE-molecules were as-
sembled, together with a non-photoactive secondary linker
and a paddle-wheel metal node, into a crystalline array. It
yields a MOF thin film with a pillared-layer structure, where
the DAE acts as pillar (Figure 1). The DAE-MOF film was
grown directly on the substrate in a layer-by-layer fashion,
resulting in surface-mounted MOFs (SURMOFs)."! The
SURMOFs were chemically grafted to the substrate, in this
case via Cu-OH-coordination bonds to a thiol-based self-
assembled monolayer on a flat gold substrate. The SUR-
MOFs can be grown with controlled orientation,”” resulting
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Figure 1. Sketch of the DAE-SURMOF, i.e. SURMOF films of type
Cu,(BDC),(DAE-Py), with the photoswitchable diarylethene molecules
(DAE-Py) as pillar-linkers. During the photoisomerization, the length of
the DAE linker molecule and, thus, of the MOF lattice changes by Ad.
The open form, which is reached upon green-light irradiation

(A=530 nm), is shown on the left-hand side. The closed form, reached

upon UV-light irradiation (A=365 nm), is shown on the right-hand
side.

in the formation of a highly anisotropic DAE-photoactuator
array. The reversible ring-opening-closing photoisomeriza-
tion in the DAE-SURMOF was explored and quantified by
IR and UV/Vis spectroscopy. Employing synchrotron X-ray
diffraction, the change of the lattice parameter was deter-
mined to be about 1 %. In order to demonstrate macroscopic
effects, the DAE-SURMOFs were deposited on a flexible
gold-coated mica substrate. The bending of these cantilevers
could be determined readily and allowed to quantitatively
study the photoactuation as well as the light-induced forces
and work. This is the first report of the use of photo-
switchable molecules as the backbone in a SURMOF or any
other MOF thin film for the realization of substrate bending
and mechanical work.

Results and Discussion

The synthesis of DAE-SURMOF was performed in a layer-
by-layer fashion™ by subsequently exposing the substrate
to the solutions of the MOF components, which were copper
acetate as metal nodes as well as BDC (1,4-benzenedicar-
boxylic acid =terephthalic acid) and DAE-Py (see Figure 1)
as linkers. The DAE-SURMOF has a pillared-layer struc-
ture of type Cu,(BDC),(DAE-Py). More information on the
DAE-Py? and SURMOF synthesis is given in the Support-
ing Information. Before the SURMOF synthesis, the sub-
strate was functionalized with a thiol-based self-assembled
monolayer (SAM). For the X-ray diffraction and spectro-
scopy, the substrate, which was a gold-coated silicon wafer,
was functionalized with a 11-mercapto-1-undecanol SAM,
resulting in a OH-terminated surface.

The X-ray diffractograms (XRD, Figure 2) show that the
prepared DAE-SURMOF films were crystalline with the
targeted structure.”? Moreover, the out-of-plane XRD
shows only peaks of (00n) type, indicating the oriented
growth of the MOF film. The high crystalline orientation
was also verified by the in-plane XRD patterns containing
exclusively reflections perpendicular to the [001] direction.
This indicates that the DAE-SURMOF was grown in a
crystalline and highly oriented fashion, where the Cu-paddle

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U9017 SUOLULLID 9A1ER1D) 8R! |dde aupy Ag peusenob a1e Ssjoile YO ‘8N Jo sajni Jo} Akeiqiaulju 8|1\ UO (SUONIPUOD-pUe-SLUB)W0d A8 | IMAfe1q 1 jBU1|UO//:SdNY) SUONIPUOD pue SWI 1 8U) 89S *[£20z/70/7T] Uo Arigiauluo |1 ‘eifojouyos ] o 1su| Bynss|rey Aq ZG08TZZ0zZ @ 1Ue/Z00T 0T/I0p/Wwod A3 |im Aseiq1jpul|uo//sdny wouy pepeojumod ‘0 ‘€/2ETZST



GDCh
=

| —
A
(001) calculated

_A (002) (003)  (004)
- A .

(100) out of plane
(110)  (200)yin plane

intensity

10 12 14 16 18 20
2 theta/”®

4 6 8

Figure 2. Out-of-plane XRD (black), in-plane XRD (red) of the DAE-
SURMOF and the calculated XRD of the targeted structure (blue). The
inset shows the MOF structure on the substrate. The experimentally
observed diffraction peaks are labelled.

wheels and BDC linker molecules form layers parallel to the
substrate and DAE-Py molecules stand perpendicular as
pillars (see inset in Figure 2). The SEM images of the sample
(Figure S1, Supporting Information) show that the DAE-
SURMOF films represent a dense 200 nm thick polycrystal-
line layer.

The photoisomerization of the DAE-SURMOF was
explored by UV/Vis spectroscopy, Figure 3a. For clearly
recognizing small changes in the spectra, their differences
are shown in Figure 3b. Upon irradiation with UV light and
with visible light, a small band at approximately 630 nm
evolves and vanishes, respectively. For comparison, the UV/
Vis spectra of the DAE linker in solution are shown in
Figure S3. The spectra of the SURMOF are in line with the
spectra of the DAE linker in solution and in agreement with
the literature,”" indicating the reversible UV-light-induced
ring-closing and the visible-light-induced ring-opening of the
DAE moiety. The reversibility was explored by a series of
repeated switching by irradiation with different light
exposure times, Figure 3c. The data show that a maximum
of the switching effect was realized for an irradiation time of
5 min for UV light and approximately 9 min for visible light.
Longer irradiation time does not increase the photoisomeri-
zation yield. The data also indicate that the pristine
spectrum was not fully recovered, this means a small
photobleaching effect after a few isomerization cycles can be
observed. Further UV/Vis experiments (Figure S4) show
that various visible light wavelengths can trigger the
transition from the closed-form to the open-form, where
green light shows the fastest photoisomerization. It also
shows that the switching yield decreases significantly over 10
irradiation cycles.

For quantifying the switching yield and the photosta-
tionary state, infrared reflection absorption spectroscopy
(IRRAS) was employed (Figure 3d). In the spectra, the
strongest bands at 1640 cm™' and 1395 cm™' can be attrib-
uted to the asymmetric stretching mode of COO~ and
symmetric stretching mode of C—-O,*! indicating the for-
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mation of the DAE-SURMOF. Upon UV irradiation, the
spectrum was almost unaltered, with the exception that new
bands appear at 770 cm™' and 700 cm™'. At the same time,
the bands at 850 cm™!, 830 cm™ and 720 cm™' decreased, see
Figure S5. These changes, which were attributed to the
vibrational changes of the methyl group, indicate the photo-
isomerization of the DAE moieties. The band at approx-
imately 720 cm™" is not overlapped by other vibrations and
can be used to quantify the DAE photoisomerization yield,
see inset in Figure 3d. Initially, the DAE-SURMOF was in
the thermodynamically stable, 100 %-ring-open state. Upon
UV-light, the band intensity decreased to 40.2 %, indicating
a photostationary state with 40 % ring-open and 60 % ring-
closed DAE moieties in the DAE-SURMOF sample. Upon
visible light irradiation, a spectrum which is essentially
identical to the pristine spectrum was obtained, indicating
the reversibility of the photoisomerization.

The structural changes in the DAE-SURMOF structure
as a result of the ring-opening and -closing was explored by
synchrotron X-ray diffraction where the sample was irradi-
ated in situ, see also Supporting Information. The DAE-
SURMOF was grown in [001] direction, which is the
direction with the DAE-pillar in the MOF backbone, see
the sketch in Figure 2. The experimental data are shown in
Figure 4 and S6. Figure 3a shows the (001) peaks of the
pristine sample and upon UV- and visible-light irradiation.
The peak position was determined by a Gaussian fit and the
lattice distance for four photoswitching cycles was calculated
(Figure 4b). The data of higher order reflections are shown
in Figure S6. Upon UV light irradiation (A=365nm), the
peak maximum shifted from 2 theta=4.062° to 2 theta=
4.088° indicating the linear contraction of the unit cell by
0.64 % in [001] direction. This change of the unit cell volume
is obtained under similar conditions as in Figures 3d, where
a conversion yield of 60% was determined. A higher
conversion yield would presumably result in a larger change
of the average unit cell volume, as determined by XRD.

The reversibility of photoswitching in DAE-SURMOF
was proven by visible light (1=530 nm) irradiation, which
induces expansion of the structure to the initial state
(Figure 4a). Three subsequent irradiation cycles indicate the
reversibility of the phenomenon (Figure 4b), however, the
amplitude of switching decreased after the first cycle,
indicating a bleaching effect of DAE-SURMOF, also
supported by the spectroscopy data (above).

The synchrotron XRD data on the light-induced changes
of the lattice parameters were reproduced with the data
recorded at common state-of-the-art X-ray diffractometers,
Figure S7a. In addition, the in-plane XRD data verify the
statement that the lattice parameters in the Cu(BDC) layer
are not affected by the DAE-photoisomerization. Only the
distance between these planes, that is in [001] direction, was
affected, see Figure S7b.

For taking advantage of the light-induced changes of the
lattice distance in [001] direction, a DAE-SURMOF was
grown on a modified substrate under optimized
conditions,™ so that there were domains with the crystal-
line [001] direction parallel to the substrate surface. So, the
photoinduced changes of the MOF lattice distance along the

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. a) UV/Vis spectra of the DAE-SURMOF before (black) and
after UV-light (=365 nm) irradiation (violet) and after green-light
(A=530 nm) irradiation (green). b) The differential absorbance spectra
of the (very similar) UV/Vis spectra in panel a) with the pristine
spectrum as reference. c) The absorbance at 632 nm (band of closed-
DAE) of the DAE-SURMOF during 5 irradiation cycles with different
irradiation times (right). The irradiation times were 1 min, 2 min,

3 min, 5 min and 10 min, respectively for UV-light and 3 min, 6 min,
9 min, 15 min and 30 min, respectively for visible light. The corre-
sponding spectra are shown in Figure S2. d) IRRA spectra of the DAE-
SURMOF before (black) and after UV-light (1 =365 nm) irradiation
(violet) and after green-light (1=530 nm) irradiation (green). The
green and black spectra are virtually identical. The inset shows the
zoom-in of the open-DAE vibration for the quantification of the
photostationary state.

[001] direction induce a strain into the substrate. The
substrate was a gold-coated mica sheet of 40 mm length and
5mm width. The thickness of the substrate was approx-
imately 2.6 um, see Figure S8c. The sample was clamped on
one side, resulting in a free cantilever with a length of
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Figure 4. a) Synchrotron out-of-plane XRD of DAE-SURMOF. The
pristine sample is shown in black, after UV light (1=365 nm) in violet
and after green light (1 =530 nm) in green. The lines are the Gaussian
fits to the data. b) The lattice distance in [001] direction for four UV/
Visible-light-irradiation cycles.

25 mm (Figure 5a, a photo of the setup is shown Figure S9).
The sample position, i.e. the deflection of the cantilever was
recorded with a high-resolution camera.

The deflection of the sample during the irradiation with
UV and green light for 3cycles is shown in Figure 5b.
Without light irradiation, the sample does not change its
position. Upon irradiation with UV light, the cantilever
deflection gradually increased by approximately 100 pm,
corresponding to a bending angle of about 4 mrad (which is
~0.23°). The sample remains in this position until the
irradiation with visible light, which causes the sample
deflection to return to its original position. The illumination-
induced cantilever deflection was rather stable, in line with
the pronounced stability of the ring-closed and -open forms
of DAE. The macroscopic cantilever deflection is a direct
result of the microscopic photoisomerization of the pillar
linkers in the DAE-SURMOF. Upon UV-light irradiation,
the SURMOF lattice shrinks, bending the cantilever in the
direction of the SURMOF, and vice versa upon green light.
The bending of the sample as a result of the UV and green
light irradiation is essentially reversible, indicating the
stability of the DAE-SURMOF sample. Further, repeatabil-
ity experiments were performed in Figures Sc and SI12. The
data show that the irradiation with UV and green light
results in the reversible bending of the cantilever for many
cycles. The bending magnitude decreases slightly, i.e. by
about 35 % during the course of 13 photoactuation cycles.
This is in line with the fatigue found by UV/Vis and XRD
experiments, see above.

In calibration experiments, the spring constant of the
sample was determined to be 11.2 Nmm™, Figure S10. Thus,
the photoinduced changes of the DAE-SURMOF provide a
force of 1.12 uN and an energy of 0.112 nJ to the flexible
substrate. As a rough estimation, a light-to-work energy
efficiency in the order of 107'-10" follows. In comparison
to other light-powered actuators, which have energy effi-
ciencies typically in the order of 107~1077 (see ref. [24] and
references in them), the efficiency is rather low, suggesting
that the performance of the SURMOF actuators can (and
should) be further improved.

For reference, we performed bending experiments with a
bare substrate which has a similar spring constant. For this
sample, no photoactuation was observed, indicating that the
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Figure 5. SURMOF-cantilever photoactuation. a) Sketch of the canti-
lever deflection. The SURMOF is on the bottom-side of the Au@mica
cantilever. b) Cantilever deflection of the SURMOF @Au@mica-sample
during three UV- and visible-light-irradiation cycles, indicated by the
violet and green boxes. The video of the cantilever deflection is
provided in the Supporting Information online. The three cycles are
essentially identical and the (average) cantilever position for the open-
and closed-form DAE-SURMOF are the same (within a deviation of

2 pm). c) The cantilever deflection during the irradiation with UV light
(violet) spheres and with green light (green spheres) for 13 irradiation
cycles. The transient cantilever deflection data are shown in Fig-

ure SI12. (Different samples were used in panel b and ¢, so the
deflection is slightly different.)

bending of the cantilever is caused by the SURMOF grown
on top (Figure S11).

The SEM images of the SURMOF grown on the
Au@mica substrate (the sample used as photoactuator in
Figures 5b) are shown in Figure S8b. It shows that, although
the film has a rather rough morphology, all parts of the
substrate are covered. The thickness of the monolithic,
dense film was approximately 0.5 um. The in-plane XRD of
the SURMOF on the Au@mica-cantilever shows that the
sample was grown in mixed orientations (Figure S8a). A
detailed inspection of the XRD data of the sample shows
that about half of the MOF domains were grown in (100)
orientation, this means the [001] direction is parallel to the
substrate surface. These domains are able to cause strain on
the substrate. Moreover, the MOF domains which are
oriented with the [001] direction parallel to the substrate
surface have arbitrary in-plane orientations. As a simplified
estimation, from these MOF domains, half of them cause
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strain perpendicular to the cantilever direction (and are not
able to bend the cantilever), while the other half can cause
strain in the direction of the cantilever, resulting in its
bending. In the future, an in-plane orientation of the
SURMOF by advanced substrates™! is envisioned, resulting
in an anisotropic strain of the film.

Conclusion

Oriented pillar-layered SURMOF films with photoswitch-
able diarylethene molecules in the backbone were grown on
solid substrates. The DAE-ring-opening and -closing photo-
isomerization results in a change of the SURMOF-Ilattice-
constant in [001] direction, as explored by in situ synchro-
tron XRD supported by UV/Vis and infrared spectroscopy.
The light-powered directed shrinking and expansion of the
SURMOF was used to reversibly bend a flexible substrate
and to provide forces in the micro-Newton-range and
perform work in the nano-Joule-range.

Due to the flexibility of the SURMOF approach, we
believe that the photoactuation performance can be further
enhanced. For example, different molecular photoactuators
including dimethyldihydropyrene (DHP), fulgide and
norbornadiene® can be incorporated in such oriented
substrate-bound crystalline films, potentially allowing a
larger directed response. Apart from enlarging the photo-
actuation magnitude, a major aim will be to enhance the
number of reversible cycles and the actuation speed. More-
over, we will focus on optimizing the SURMOF film quality,
including the film thickness as well as the orientation of the
domains in cantilever direction to enhance the photoactua-
tion performance.”" We will particularly focus on the
optimization of SURMOF growth conditions, e.g. using
machine-learning approaches. In addition, the SURMOF
approach facilitates the preparation of structured films®”
with a controlled layering of different responsive layers.
This enables the preparation of complex photoresponsive
structures. Overall, this SURMOF-based approach offers a
further path to realize intelligent, complex and multifunc-
tional materials and actuators.
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Substrate-Bound Diarylethene-Based Aniso-

tropic Metal-Organic Framework Films as
Photoactuators with a Directed Response
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An oriented crystalline array of diary-
lethene (DAE)-based photoactuators is
presented. The DAE units are assembled
in a surface-mounted metal-organic
framework (SURMOF) film. The light-
induced length changes of the DAE
linkers multiply to anisotropic meso-
scopic length changes. Due to the
architecture and substrate-bonding of
the SURMOF, these length changes are
transferred to the macroscopic scale,
here, bending a cantilever and perform-
ing work.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB0 7 SUOWILIOD 3AIIR.D 8(edl|dde 8Ly Ag pauienoh ae sajo e YO ‘SN JO S8|ni oy A%eiq1T8UlUQ A8]IM UO (SUORIPUOD-PUR-SLLBY/WI0D 8| M ARIq Ul |UD//SaNY) SUORIPUOD PUe SWB | 8L} 88S *[£202/v0/yT] Uo AriqiTaulluo A8|im ‘ifojouyos | 4 1sul Jeuns|ex Aq 25081220z 81Ue/z00T OT/I0p/wod A3 1M Areiq1jeul|uo//sdiy wolj papeo|umoq ‘0 ‘€LLETZST



