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Spiropyran doped P(VDF-TrFE) nanocomposite films were spray-
coated onto silicon micro-cantilevers. We show that switching the
molecules from the closed- to the open-ring form by UV light gives
rise to a downward bending of the cantilever as well as to a
decrease of its resonance frequency. This photoactuation is rever-
sible by means of heating and simultaneous visible light irradiation.
From the flexural bending and resonance data, we extracted the
actuation strain (0.13 + 0.03%), stress (4 + 1 MPa) and elastic energy
density (2.3 + 1 mJ cm~3) associated with the photoisomerization
of spiropyran molecules in the composite films.

Photoactuation (or photostriction) refers to various physical
phenomena, which allow converting light energy into mec-
hanical work and motion. Light is an appealing stimulus for
mechanical actuating purposes because it allows for the remote
control of the actuator (without wiring) with high temporal and
spatial resolutions. In addition, the unique properties of the
light wave (wavelength selectivity, polarization state, coherence,
etc.) may be beneficial to achieve complex functionalities. Last,
but not least there is also an interest due to the possibility of
renewable solar energy use.

From a broad perspective, the photoactive agent in photoactua-
tors can be inorganic or organic, which can trigger diverse phenom-
ena such as desorption, phase transition, photo-thermal expansion
and photochemical reaction.’® Among these photostrictive materi-
als, photochromic molecules (azobenzenes, stilbenes, diarylethenes,
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fulgides, etc.) have received much attention since the first reports in
the 70s.”™**> These photochromic molecules exhibit in many cases
wavelength-selective, two-way ON/OFF photoswitching between a
stable and a metastable molecular configuration, which may occur
due to photoisomerization (e.g cis-trans isomerization, keto-enol
tautomerism, ring opening/closure) or photodimerisation pheno-
mena.”* Crucially, these systems can be maintained in the
metastable state for some time (up to the 1000 years range) without
consuming any energy." >

It is important to note, however, that photoswitching in bulk
photochromic materials is often difficult to achieve due to the
close packing of molecules, which impedes structural changes.
In addition, light penetration is often very incomplete in bulk
materials, restricting the excitation to the uppermost layers.
Finally, yet crucially, the integration of bulk samples into
functional devices is not straightforward. These problems have
been effectively alleviated by incorporating the photochromic
species into different soft matrices, including polymers, liquid
crystal elastomers and gels, leading to countless examples of
ingenious, macroscopic photo-actuators.'™"’7>° On the other
hand, much less efforts have been devoted to integrate photo-
chromic molecules into micro/nano-scale mechanical devices.
To our best knowledge, MEMS-type microactuators have been
functionalized by photochromic compounds only by two
groups. Using an adhesive layer, Jackson et al.>" bonded free-
standing photo-responsive liquid-crystal polymer films onto
silicon and Parylene-C cantilevers. They demonstrated a light-
induced, reversible downshift of the MEMS resonance fre-
quency (ca. 10%), which they attributed to the lower elastic
modulus of the photoisomerized polymer film. On the other
hand, Grogan et al.>>** have functionalized gold-coated silicon
microcantilevers with a spiropyran monolayer by immersing
the devices into the solution of the molecules. When irradiated
by UV and visible light sources the microcantilever showed a
reversible deflection, which was assigned to surface stress
changes induced by the photoisomerization.

The key enabling issue for high-performance microactuators
is the quality of the photochromic film in terms of uniformity
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and mechanical properties. Unfortunately, conventional solution-
processing methods, such as spin coating and solvent casting,
produce good results primarily on smooth surfaces. As such, these
liquid-phase methods are not well adapted for the integration of
thin films into MEMS devices, which exhibit a complex 3D
geometry with deep topography features, such as trenches,
grooves and cavities. In particular, drying the liquid often results
in the MEMS components “sticking” to the substrate rather than
being suspended. In this context, the so-called ‘spray coating’
technique, which consists in spraying a solution by a pressurized
gas onto a substrate through a nozzle, is known to be a viable
approach for film deposition on MEMS devices.”*>® Here, we use
this approach to coat silicon microcantilevers by micro- and
nanometric films of photochromic molecules embedded in a
polymer matrix. We show that the photochromic composite can
be used to tune the mechanical properties of the device as well as
to perform controlled and reversible photo-induced motion.

For this study we use the commercial 1’,3'-dihydro-1’,3',3'-
trimethyl-6-nitrospiro(2H-1-benzopyran-2,2’-(2H)-indole) mole-
cule as active material and the copolymer poly(vinylidene
fluoride-trifluoro-ethylene), P(VDF-TrFE), with 70-30% mono-
mer ratio, as a polymer matrix. We have chosen this well-known
photochromic molecule because it displays a UV-light-induced
switching from the closed-ring spiropyran (SP) form to an open-
ring merocyanine (MC) isomer, which can be reversed by
heating and/or visible light irradiation (see Scheme 1 and
Fig. S1 in the ESIT). Importantly for us, the SP to MC isomer-
ization is associated with a sizeable strain, the planar MC
isomer occupying ca. 1% more volume (Fig. S2, ESIf). An
acetone/2-butanone solution of SP and P(VDF-TrFE) was
spray-coated over silicon and glass substrates (held at 65 °C)
using a SUSS MicroTec AltaSpray instrument. Films with nom-
inally 33 wt% filler content were obtained by this method with
various thicknesses from ca. 300 nm to 30 pm, depending on
the number of coating cycles and the flow rate. While seemingly
straightforward, spraying of solutions on surfaces is not neces-
sarily simple. High flow rates led to a solvent “flooding” over
the substrate with subsequent non-homogeneous films
(Fig. 1a), whereas low rates gave rise to early solvent evapora-
tion that generates spider-web-like fibres (Fig. 1b). Critically,
when deposited directly onto glass or silicon substrates, numer-
ous micrometre-sized, faceted SP crystals formed together with
the composite film (Fig. 1c and see also Fig. S3, ESIt). Since this
phenomenon occurred predominantly during the first coating
cycle (presumably due to the different surface wettabilities), we
realized that it can be readily suppressed by pre-coating the
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Scheme 1 Photoisomerization of the spiropyran molecule used in this
work.
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Fig. 1 Spray coating of spiropyran@P(VDF-TrFE) composite films. Effects
of (a) low or (b) high flow rates and (c) lack of surface treatment on the film
morphology. (d) Optical microscopy, (e) SEM and (f) AFM topography
images of a 300 nm thick composite film deposited on a P(VDF-TrFE)
pre-coated glass substrate with optimized coating parameters. (g) Photo-
graphs of a 30 um thick, freestanding film before and after UV irradiation as
well as after successive visible light irradiation at 70 °C.

substrates with a 200 nm thin P(VDF-TrFE) layer. The compo-
site films subsequently deposited on top of these pre-coated
substrates do not contain such crystals (Fig. 1d). Indeed,
scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM) images of these optimized films reveal a smooth
surface for each film thickness (Fig. 1e and f). Infrared spectro-
scopic fingerprints of the composite films and the pure SP
powder confirm the incorporation of SP molecules within the
composite (Fig. S4, ESIt). Grazing-incidence X-ray diffraction
(GIXRD) revealed that the incorporated photochromic material
is nanocrystalline and the crystallites display a preferential
orientation with their (202) planes parallel to the substrate
surface (Fig. S5, ESIT). The nanocrystals cannot be discerned in
SEM or AFM images (Fig. S6, ESIt), but their size could be
estimated as ~30 nm from the GIXRD data using the Scherrer
equation. Interestingly, films above a few microns thickness,
deposited on antiadhesive substrates (e.g. Teflon), can be
peeled off (Fig. 1g).

Photo-isomerization of the composite films was triggered
by irradiating them with LED light sources emitting at 350 nm
(1.1 mW mm™?) and 530 nm (0.6 mW mm ™ *) wavelengths. The
thickest films (>10 pm) were tested only for their reversible
perceptible colour change (Fig. 1g). The initially pale orange
composites develop a deep purple colour after being irradiated
by UV light, which can be reversed upon visible light irradiation
at high temperature. The photochromic properties of the
thinner films were assessed quantitatively by a UV-Vis spectro-
photometer. Fig. 2 displays the data acquired for a 1500 nm
thick film, whereas comparable results for other thicknesses
(375 and 750 nm) are shown in Fig. S7 (ESIt). A first spectrum
was acquired in the dark, just after mounting the sample on the
heating-cooling stage. As expected for the closed-ring isomer,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photochromic properties of the composite films. UV-VIS absorption
spectra of a 1550 nm thick spiropyran@P(VDF-TrFE) film. (a) Successive stages
of the isomerization of the as-synthesized film into the open-ring form under
UV irradiation at 25 °C. (b) Back conversion to the closed-ring form by green
light irradiation at 70 °C. The inserts show the temporal evolution of the
absorbance at 550 nm for the forward and reverse conversions. The photo-
graphs show the sample before and after the UV and visible light irradiations.

this spectrum showed no absorption in the visible spectral
range. The film was then irradiated at 350 nm and a spectrum
was acquired every 30 seconds. Fig. 2a displays these spectra,
where the emergence of an absorption band centred at 550 nm
is clearly observed. For the 375 and 750 nm thick samples, the
absorbance reached saturation following ca. 1.5 and 4 min
respectively (see Fig. S7 and also S8, ESIT for a comparison with
solution kinetics). For the thicker, 1500 nm film, saturation
could not be reached even after 8 min exposure. Following the
UV irradiation, the film was irradiated at 530 nm, but the
absorption spectrum showed no variation for several hours of
constant irradiation. We noticed also that the coloured films
showed no fading for several days in ambient conditions. In
other words, the open-ring isomer, which has a lifetime of only
a few minutes in solution, has been stabilized in the composite
to such extent that return to the ground state cannot be
achieved at room temperature. We hypothesize that this stabili-
zation of the MC form in the nanocomposite films might arise
due to electrostatic interactions with the polar P(VDF-TrFE)
matrix. We realized, however, that the reverse process (MC to
SP) could be accomplished at 70 °C under 530 nm irradiation.
Yet, as shown in Fig. 2b, this is a slower and less efficient
process when compared to the SP to MC isomerization and
even after 25 min irradiation there remains ca. 20% MC isomer
in the film. This residual fraction is most likely related to the
intrinsic heterogeneity of the composite made of a semi-
crystalline matrix. It is also worth to note that both the forward
and the (incomplete) back conversions are perceptible by the
naked eye (see photographs in Fig. 2).

Aiming for the integration of the photochromic composites
into MEMS devices, we fabricated silicon microcantilevers
(150 pm length, 50 pm width and 2 pm thickness), which were
spray-coated with the composite films (375, 750 and 1500 nm
thickness) in the last fabrication step (Fig. 3a and b). Details of
the MEMS fabrication and operation are given in ref. 27-29.
The dynamic and static behaviours of the cantilevers were
tracked simultaneously to assess in real time the resonance
frequency (f;) and the quality factor (Q) of the cantilever, as well
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Fig. 3 Photoactuation of MEMS devices. (a) Photographs of the MEMS
device coated with a 1500 nm thick spiropyran@P(VDF-TrFE) film before
(colorless) and after (violet) UV irradiation. (b) SEM image of the MEMS
cantilever. (c) MEMS cantilever deflection during two successive irradiation
cycles under UV light at 25 °C (violet shaded areas) and under subsequent
visible light irradiation at 70 °C (red shaded areas) recorded for three
different film thicknesses (375, 750 and 1500 nm). The dashed lines are
guides to the eye. (d) MEMS cantilever deflection and (e) MEMS resonance
frequency tracking for successive ON/OFF UV irradiation cycles (violet
shaded areas) at 25 °C for a 1500 nm thick film. The dashed lines are guides
to the eye to follow the persistent photo-effects.

as the amplitude of the cantilever tip deflection (0). The
measurements were conducted at a controlled temperature
and constant vacuum pressure of 10 mbar, which allows for
high quality factors and shunts parasitic signals due to changes
in the environmental conditions. The cantilevers used in this
work were fabricated from p-type, doped silicon. This type of
semiconductor material is known to be responsive to light
irradiation.®® In order to discriminate the photo-induced sig-
nals arising from the silicon cantilever and from the composite
films, we have assessed the properties of the uncoated canti-
levers. Crucially, the photo-induced response of the uncoated
cantilever was found reversible both in the UV and visible
spectral ranges (Fig. S9 and S10, ESIT), apart from a small drift
of f; during the first UV exposure, allowing thus to distinguish
in an unequivocal manner the effects of the photochromic
coating, which persist even after the light irradiation is
turned off.

To evaluate the photoactuation properties of our composite
films, a series of ON-OFF irradiation cycles were carried out
using UV (4 = 350 nm, T = 25 °C) and visible light (1 = 530 nm,
T = 70 °C) irradiation sequences. The tracking of static and
dynamic properties of the MEMS is shown in Fig. 3c-e (see also
Fig. S11 and S12, ESIY). In the static regime, we can notice the
cantilever bending produced by the UV photo-isomerization in
the composite layer, which was found additive upon successive
short irradiation cycles (Fig. 3d) and reversible under visible
light irradiation at 70 °C (Fig. 3c). We can thus unambiguously
ascribe this static bending to the UV photo-isomerization of SP
to MC in the composite films. Since upon UV irradiation we
detected downward bending of the cantilever, we can conclude

Mater. Adv,, 2021, 2, 5057-5061 | 5059
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that the SP to MC switch produces a volume expansion of the
composite layer (i.e. a tensile strain), which leads to photo-
actuation. This finding is perfectly in line with the results of
Grogan et al.***® reported for silicon cantilevers grafted by a
spiropyran monolayer. These authors have observed also a
downward (upward) cantilever deflection upon the SP to MC
(MC to SP) isomerization. Contrary to their experiments, how-
ever, in our case subsequent visible light irradiation cycles
allowed to recover the initial closed-ring form only at 70 °C.
This difference between the two experiments is most likely
related to the different chemical composition and/or spatial
arrangement of the SP molecules.

In the dynamic regime, UV irradiation produced a decrease
in the resonance frequency (Fig. 3e) with concomitant small
changes in the quality factor (Fig. S11, ESIt). Whereas the
changes of the Q factor are not lasting, the effect of the UV
light on the resonance frequency is persistent (ca. 60 Hz shift
between the SP and MC forms for the 750 and 1500 nm thick
films) and no spontaneous reversion is observed. Similar to the
effect of UV light on the static deflection, the resonance
frequency changes are cumulative for subsequent irradiation
cycles (until saturation) and can be erased by visible light
irradiation at 70 °C. The decrease of the resonance frequency
when going from the closed to the open-ring form could be
attributed to the concomitant decrease of the elastic modulus,
although changes of the film thickness and density might also
influence the dynamic behaviour.

The combined cantilever deflection and resonance data were
used to extract the photoactuation parameters of the composite
films (see Table S1, ESIf). Using the flexural resonance
approach described in ref. 31, the resonance frequency differ-
ence between the uncoated and coated cantilevers (ca. 10 kHz)
provides an estimated Young’s modulus of E = 3.0 GPa for the
composite film. This value of E together with the cantilever
geometry and static deflection data were used as inputs for
Thimoshenko’s equation,®® which allowed us to calculate the
photoactuation strain (¢ = 0.10-0.16%, depending on the film
thickness). The actuation stress was estimated using the Stoney
formula®® (¢ = 3.3-5.1 MPa, depending on the film thickness).
Finally, the volumetric elastic energy density (work, W,
per volume unit, V) of the composite film was calculated as
W/V = E¢*/2, with E the Young’s modulus and ¢ the strain of the
film. The obtained work density values (1.6-3.6 mJ cm™?) are
comparable in magnitude with previously reported polymer
composite photochromic actuators.?%*

In summary, we spray-coated photochromic nanocomposite
films, based on a P(VDF-TrFE) matrix with 33 wt% spiropyran
load. We obtained high quality films, which are smooth and
homogeneous and whose thickness can be adjusted in a broad
range (ca. 0.3-30 pum). The films preserve the photochromic
properties of spiropyran regardless of their thickness: they can
be switched between a pale orange and a deep purple color,
associated with the photo-isomerization between the closed-
and open-ring forms of the photoactive molecules. Whereas
switching to the open-ring isomer was straightforward using
UV light irradiation, the reverse process could be achieved by
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visible light irradiation only at high temperatures (70 °C). The
films were deposited over silicon microcantilevers to produce a
bilayer architecture. We have shown that the switching of the
active molecules in the composite films from the closed to the
open-ring form by UV light gives rise to a downward bending
of the cantilever as well as to a decrease of its resonance
frequency. The combined analysis of flexural bending and
resonance data allowed us to assess the relevant photoactua-
tion parameters of the films. The approach we used here is
highly versatile and can afford for the integration of micro-
mechanical systems by various photochromic molecules and
polymer matrices. The high quality of the films produced by
spray-coating enables the quantitative analysis of their mechan-
ical/actuation properties and open up an appealing scope for
their application for photoactuation and in situ resonance
tuning/calibration purposes. Further work should focus on
the optimization of the chemical composition, concentration
and size of the photochromic particles in order to increase
the performance metrics (actuation amplitude, speed, stability,
etc.).
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