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Micromachining-Compatible, Facile Fabrication of Polymer
Nanocomposite Spin Crossover Actuators

Maria D. Manrique-Judrez, Fabrice Mathieu, Adrian Laborde, Sylvain Rat,
Victoria Shalabaeva, Philippe Demont, Olivier Thomas, Lionel Salmon,
Thierry Leichle, Liviu Nicu, Gdbor Molndr,* and Azzedine Bousseksou*

[Fe""(Htrz),(trz)](BF,) spin crossover particles of 85 nm mean size are
dispersed in an SU-8 polymer matrix and spray-coated onto silicon
microcantilevers. The subsequent photothermal treatment of the polymer
resist leads to micrometer thick, smooth, and homogeneous coatings,

which exhibit well-reproducible actuation upon the thermally induced spin
transition. The actuation amplitude as a function of temperature is accurately
determined by combining integrated piezoresistive detection with external
optical interferometry, which allows for the assessment of the associated
actuation force (9.4 mN), stress (28 MPa), strain (1.0%), and work density
(140 m) cm3) through a stratified beam model. The dynamical mechanical
characterization of the films evidences an increase of the resonance frequency
and a concomitant decrease of the damping in the high-temperature phase,
which arises due to a combined effect of the thickness and mechanical

1. Introduction

Actuator technologies based on stimuli-
responsive materials (e.g., shape memory
alloys, electroactive polymers, and piezo-
electric ceramics) have been investigated
for several decades.!! Driven to a large
extent by the specific needs of emerging
robotic,”  biomedical®! and  micro/
nanomechanical”  technologies,  the
interest in such smart, active materials is
still steadily growing. However, as high-
lighted by recent reviews,’! current actu-
ator materials fail to satisfy simultaneously
the large number of disparate require-
ments in terms of strain, force, bandwidth,

property changes. The spray-coating approach is also successfully extended
to scale up the actuators for the centimeter range on a polymer substrate
providing perspectives for biomimetic soft actuators.
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efficiency, durability, scaling, integration,
and control for their effective deployment
in these disruptive applications.

In this context, we have recently
proposed to explore the technological
potential of molecular spin crossover
(SCO) compounds for actuating purposes.®! These transi-
tion metal complexes are able to transduce thermal, optical,
electrical, or chemical stimuli into mechanical work through
the dramatic change of molecular volume, which accompanies
the switching between their low-spin (LS) and high-spin (HS)
electronic configurations. In particular, SCO materials have
potentially very promising strain and work density characteris-
tics and, through molecular and supramolecular design, they
can provide a high degree of versatility and multifunctionality.”]

The development of novel actuating technologies requires
not only innovative materials, but also appropriate strate-
gies for their processing, use, and performance analysis at
the system level.ll This issue of device integration remains
one of the major setbacks for implementing smart molecules
into technologically relevant actuators and for evaluating
their real interest.”®! Tn most cases, the actuating proper-
ties of molecular materials were investigated in freestanding
macroscopic objects—processed either as single crystals(®®!
or incorporated into polymers.'% Molecular films were also
deposited onto micro-electromechanical systems (MEMS)
using surface chemistry!l or thermal evaporation!!?l methods.
While providing a substantial step toward integrated systems,
these methods are, however, best suited for fabricating
nanoscale films and restricted to compounds with specific
physicochemical properties.
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Figure 1. MEMS coating with the SCO/SU-8 composite. a) Scheme of the spray deposition on silicon cantilevers. b) SEM image of silicon cantilevers
covered by the nanocomposite film. c) SEM image of the cross section of the nanocomposite film. d) UV absorbance versus temperature curve of the
nanocomposite revealing the wide thermal hysteresis associated with the spin transition. Arrows indicate heating and cooling.

In this work, we explored the spray-coating technique as a
versatile deposition approach to integrate spin crossover mole-
cular actuators as polymer nanocomposites into both micro-
scale (MEMS) and macroscopic (sic “artificial muscle”) actuator
devices. This technique consists of spraying microdroplets
(i-e., an aerosol) of the desired material on a selected surface
area by forcing the dissolved (or dispersed) material through a
nozzle (Figure 1a).l3 Besides the versatility of this approach in
terms of material composition and morphology, it also provides
well-defined and reproducible geometries, which allowed us the
quantitative investigation of the actuating performance of our
SCO-based actuators in a device context.

2. Results and Discussion

2.1. Spin Crossover: Polymer Nanocomposite Films

In a first step, nanoparticles of the molecule-based SCO
complex [Fe!(Htrz),(trz)](BF,) 1 (Htrz = 1H-1,2,4-triazole,
trz = 1,2,4-triazolato) of =85 nm mean size (see Figure S1
in the Supporting Information) were mixed with a commer-
cial photoresist (SU-8) in acetone using sonication, and then
were sprayed at a flow rate of 1 mL min~! over heated (333 K)
silicon microcantilevers. Following a prebake at 363 K, the
resist was exposed to UV light and finally the crosslinking reac-
tion was completed through further baking steps at 363 and
423 K. We have chosen 1 because this compound exhibits a

very substantial volume change (=11%) between the LS and HS
isomers.l" In addition, the spin transition in 1 is known to be
very robust and occurs above room temperature with a wide hys-
teresis loop.'! As polymer matrix, we used the SU-8 photore-
sist which is suitable for use as a permanent structure with high
thermal, mechanical, and chemical stability.!®! It also provides
a good adhesion to various substrates, which helps to transfer
the strain from the particles to the mechanical structure. The
actuating work density in composite materials is known to be
strongly dependent on the filler concentration.'”] For our work,
the SCO particle concentration was limited to 30 wt% in order
to obtain a homogeneous dispersion of the particles in the
matrix. As a future prospect for optimizing the actuating stress,
we shall nevertheless investigate, in more detail, a combination
of material parameters, which include size, shape, concentra-
tion, and orientation of the particles, mechanical properties of
the polymer matrix, and matrix-filler interfacial properties.
Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images of the spray-coated composite films
revealed a smooth (arithmetic average roughness, R, = 1 nm)
and continuous surface coverage as well as a homogeneous
dispersion of the particles (Figure 1b,c; see also Figures S7-S9
in the Supporting Information). The film thickness after two
spraying cycles was 3.5 um. The SCO properties of the films
were inferred from UV absorbance measurements (Figure 1d;
Figure S2, Supporting Information) as well as from magnetic
(Figure S3, Supporting Information) and Raman spectro-
scopic (Figure S6, Supporting Information) measurements.



The SCO is virtually complete in both directions. The transition
from the LS to the HS state occurs around 389 K (T;,"P) during
the first h eating, whichis s hifted to 386 K in the following
cycles. The reverse transition (HS to LS) occurs around 327 K
(T1,%"") in each cycle. The hysteresis width (=59 K) is inde-
pendent of the heating/cooling rate in the range of 1-5 K min~!
and, remarkably, is nearly twice as large as the hysteresis
recorded for the as-synthesized particles (see Figure S4 in the
Supporting Information for more details). Such an important
matrix effect on the SCO properties of nanoparticles is not fre-
quent; yet, it has already been reported on nanoparticles of 1
and other SCO compounds of different matrices.'® This phe-
nomenon has been—in most cases—attributed to elastic inter-
actions with the matrix, which could not be substantiated in the
present case from the vibrational spectra of our nanoparticles
embedded in the SU-8 matrix (Figures S5 and S6, Supporting
Information). Further investigations will thus be necessary,
which are out of the scope of the present paper.

2.2. Actuating Performance

For the quantitative investigation of the mechanical and actu-
ating properties of the nanocomposite films, we analyzed both
the static and the dynamical behavior of the coated silicon
microcantilevers using a home-made electrical system described
in previous papers.['Zl Since the cantilever is designed with a pie-
zoresistance at the clamping zone, the static deflection induced
by the expansion/contraction of the composite film triggers
piezoresistance changes. For the dynamic measurements, the
device was actuated at its resonance frequency by a magnetic
field, and the mechanical vibrations were followed by the same
piezoresistors. To quantify the amplitude of the actuation, we
calibrated the piezoresistance signal using an external optical
vibrometer (see the Supporting Information for more details).
To detect the actuation associated with the SCO phenom-
enon, the MEMSs were cycled between 293 and 423 K. As
shown in Figure 2a, the cantilever static deflection exhibits
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Figure 2. Actuation by SCO: from micro- to macroscopic scales. a) Temperature dependence of the static piezoresistance change and the corre-
sponding actuation amplitude in silicon MEMS microcantilevers covered by the SCO/SU-8 composite film. Arrows indicate heating and cooling. The
inset shows the deflection direction in the two spin states. b) Reproducibility of piezoresistance changes between the LS and HS states (at 353 K)
upon successive thermal cycles. c) Bilayer cantilevers actuated by SCO. The attached loads (cf. purple rings) weigh 4.785 mg (left) and 9.57 mg (right).
Cantilever dimensions are 11 X 2 x 0.075 mm?. d) Artificial muscles actuated by SCO: flower closing/opening with violet/yellow coloration in the LS/

HS states (see Movie S1 in the Supporting Information).



not only the gradual bending due to the thermal expansion
of the device, but also very clearly the hysteresis associated
with the spin transition with an abrupt downward (upward)
bending around 389 K (328 K) corresponding obviously to the
LS to HS (HS to LS) transitions. Overall ten thermal cycles
were carried out to verify the efficiency and reproducibility of
the SCO actuation in the static regime (Figure 2b). After the
first cycle (run-in), the amplitude of actuation becomes stable
(60 = 3.7 £ 0.3 pm). This was confirmed for two other micro-
cantilevers (see Figure S11 in the Supporting Information) with
the same thickness and width, but with different lengths (from
500 to 2810 um), which displayed closely the same piezoresist-
ance changes upon the SCO (0.825 + 0.007 Q).

To calculate the stress—strain characteristics and actuation
performance of our nanocomposite film, we used a stratified
beam model™ based on classical continuum mechanics theory
(see the Supporting Information for the calculation details and
Table 1 for the numerical data). The strain associated with the
SCO (gsco) was calculated by taking into account the volume
fraction of the filler and the experimentally determined volume
change associated with the SCO in the powder of 1.1 On the
other hand, the measured tip displacement § was used to calcu-
late the curvature of the microcantilever k (see Equation (S24)
in the Supporting Information). The curvature change kgco
arising from the strain &gco is described by the well-known
Timoshenko formula,?% from which the Young’s modulus E of
the nanocomposite film was extracted by taking into account
the cantilever geometry. The strain is different in the HS — LS
and LS — HS directions, corresponding to different Young’s
moduli in the two spin states. For the other actuation param-
eters, such as the volumetric and gravimetric work densities
(W]V and W/m), actuating stress (o), and blocking force (F),
this difference can be neglected within the experimental uncer-
tainty. It is important to note that the bending of the cantilever
between the LS and HS states refers to the same temperature
inside the hysteresis loop (353 K), i.e., no contribution arises
from ordinary thermal expansion.

Table 1. MEMS geometry and material properties.

The most relevant actuating parameters of our device are
compared with various actuator technologies (electroactive
polymers, phase change materials, etc.) in Table 2. From this
comparison we shall note the moderate strain (1.0%) and
Young’'s modulus (3.2 GPa at 353 K), which are associated with
the dilution of the SCO filler in the polymer. Yet, distinctly
high values of actuation stress (28 MPa), normalized tip force
(143 MPa), and work density (140 m] cm™) are obtained for our
SCO/SU-8 polymer composite material, which are comparable
(or better) to the performance metrics of already mature
polymer actuator materials.

2.3. Macroscopic Actuators

With the aim to scale up our actuating nanocomposite to
macroscopic sizes, we have also elaborated centimeter-
scale bilayer actuator devices comprising a 50 um thick
freestanding polyester film (3M 8211) on top of which was
spray-coated a 22 pum thick film of the SCO composite.
Either simple rectangular cantilevers or more complex, six-
petal flowers were cut out from the bilayer sheets. These soft
actuators were then used to generate macroscale mechanical
movements—induced by the volume change of the molecular
complexes upon SCO. For example, cantilevers were used to
lift weight (Figure 2c), while thermal cycling of the flowers
was used to mimic the reversible opening of certain flowers,
such as tulip or crocus,?% upon temperature rise (Figure 2d).
To some extent even the mechanistic details resemble; in
flowers the different thermal growth rates of outer and inner
perianth members are thought to induce a swift mechanical
effect, while in our artificial flower it is the sudden elongation
of the inner SCO layer upon heating which leads to opening.
A striking feature of the petal folding of the synthetic flower is
the characteristic color change between violet (LS) and yellow
(HS). From a biomimetic perspective, this color-changing
ability coupled to motility offers potential camouflage,

Si substrate Composite film Ref.
Length, L [um] 840 840 Exp.
Thickness, h [um] 20 3.50 Exp.
Width, b [um] 100 100 Exp.
Density, p [kg m~] 2330 1150 (SU-8), 1984 (LS), 1778 (HS) Ref. [14,21,22]
Young's modulus, E [GPa] 169 3.2 (LS), 2.8 (HS) Ref. [21], Eq. 25
Actuation amplitude, dsco [LM] 3.65 Exp.
Beam curvature, ksco [m™'] 10.3 Eq. 24
Tip blocking force, F [mN] 9.4 Eq. 28a
Normalized force, F [MPa] 143 Eq. 28b
Linear strain, £5co N.A. 0.01 (LS—HS), 0.009(HS—LS) Eq.7
Volumetric work density, W/V [m) cm~] N.A. 140 Eq. 29a
Gravimetric work density, W/m [m] g7'] N.A. 100 Eq. 29b
Actuating stress, o [MPa] N.A. 28 Eq. 8

Exp.: experimentally determined values; Eq. no.: Calculated using Equation number

in the Supporting Information.



Table 2. Performance metrics of selected bending actuators from the literature.

Active material Actuator Young's Strain [%)] Stress [MPa] Work density Normalized force Stimulus Ref.
dimension [mm] modulus [GPa] [m) cm™) [MPa]

Nylon 90 x 3 x0.87 0.4 2.5 10 125 7.5 Heat [23]

PEDOT 6x1x0.018 0.00033 0.5 0.0017 0.004 0.02 Voltage [24]

Bucky gel 8 x 4 x0.465 0.26 1.9 4.7 45 0.23 Voltage [25]

PPy 0.58 x0.22x0.16 0.12 14 17 1180 0.54 Voltage [26]

Ru-sulfoxide 5x1x0.002 0.02 0.105 0.021 0.0055 - Light [27]

polymer

SCO/SU-8 0.84 x 0.1 x 0.0235 3.2 1 28 140 143 Heat This work

composite

VO, 0.3 x0.035x0.0017 140 0.32 510 810 13 Heat [28]

NiTi 0.2 x w x 0.002 83 5 500 25000 - Heat [29]

Values in italic have been calculated by us form the reported data. PEDOT = poly(3,4-ethylenedioxythiophene), PPy = polypyrrole.

signaling, and thermoregulatory functions,!l while from an
engineering point of view, these properties could be exploited
in multifunctional, smart systems with integrated actuating,
sensing, and control functions.?

Dynamical mechanical analysis (DMA) was used to com-
pare the mechanical properties of the macroscopic bilayer films
with the MEMS properties (Figure 3; see also Figures S15-S17
in the Supporting Information). The stiffness of the composite
material is directly proportional to the resonance frequency f; in
MEMS (see the Supporting Information) and also to the storage
modulus E’ obtained with DMA. As for the energy dissipation
we can compare the inverse of the quality factor (1/Q) obtained
with the MEMS with the loss tangent (tand) in DMA. Overall,
the micro- and macroscopic approaches are in good agreement,
despite the high-temperature part of the SCO hysteresis being
overlapped by a relaxation process in the polyester substrate in
DMA measurements. Notably a small, but well-reproducible
decrease of both f; (Figure 3a) and E’ (Figure 3c) is observed
when going from the HS to the LS phase—in agreement with
previous works on SCO/cellulose and SCO/polyvinylidene fluo-
ride (PVDF) composites.>*l This finding denotes the apparent
softening of the composite in the LS phase, which contrasts
with the static measurements. However, one shall note that
the dynamical behavior depends not only on the stiffness, but
also on the sample geometry and density changes (see the Sup-
porting Information for details on the cantilever dynamics).

The variation of 1/Q (Figure 3b) and tand (Figure 3d) also
reproduces the SCO with a clear drop in the HS phase (less
damping). This decrease of internal frictions in the HS phase
was also observed in SCO-PVDF composites.13l However, in
stark contrast to previous studies, no obvious loss peaks are
observed at the spin transition denoting less friction in the
course of the phase change.

3. Conclusions

In summary, we introduced spray coating as a facile, versa-
tile and precise method for integrating “reluctant” molecular
actuating materials as nanoparticle composites into both
micrometric and macroscopic actuator devices. In particular,

we succeeded in elaborating smooth, homogeneous films of
nanoparticles of the molecule-based spin crossover complex
[Fe(Htrz),(trz)](BF,) in an SU-8 polymer matrix with thick-
nesses in the micrometer range. Interestingly, the composite
films exhibited SCO with thermal hysteresis loops twice as large
as the initial nanoparticles. This effect possibly stems from the
mechanical interaction with the crosslinked polymer matrix
and provides scope to use these actuators in a “catch-state” (i.e.,
without consuming energy). Actuation of MEMS devices with
the SCO/SU-8 nanocomposite films led to well-reproducible
(both device-to-device and cycle-to-cycle), large actuation ampli-
tude and stress upon the spin transition. The associated high
work density (140 m] cm™3) provides the real scope for applica-
tions. Besides microsystems, we have also constructed macro-
scopic (centimeter scale) actuator devices based on a bilayer
polymer architecture. These soft actuators displayed large
deflections and perceptible color changes upon the SCO, which
might be exploited in biomimetic artificial muscles.

4. Experimental Section

Synthesis of SCO  Nanoparticles: An aqueous solution of
Fe(BF4),-6H,0 (424 mg, 1.25 mmol in 1 mL H,0) was added dropwise
to a mixture of 3.6 mL of Triton X-100, 3.6 mL pentanol, and 8 mL of
cyclohexane. An identical microemulsion was prepared with a solution
of H-trz (262 mg, 3.75 mmol in 1 mL H,0). These two microemulsions
were mixed together and left to stir for 24 h. The obtained nanoparticles
were separated and washed three times in ethanol. The observed average
diameter of the SCO nanoparticles was =85 nm (see Figure S1 in the
Supporting Information). The particles were identified and analyzed by
means of variable-temperature magnetic, optical, Raman, and infrared
spectroscopic measurements, which were also used to characterize
the polymer composite films (see Figures S2-S6 in the Supporting
Information).

Spray-Coating Deposition of the Nanocomposite Films: A suspension
of 1.4 g of EPONTM SU-8 (3050) from MicroChem Inc. and 700 mg
of SCO nanoparticles in 80 g of acetone was prepared by sonication
(30 min at 130 kHz). The solvent was evaporated during the deposition
resulting in a charge of 30 wt% of nanoparticles inside the polymeric
matrix. |n parallel, control samples without nanoparticles were
prepared as blank. The suspensions were deposited by a spray coater
(Delta AltaSpray, SUSS MicroTec). During the deposition, the flow rate
was 1 mL min~' and the substrates were kept at 60 °C to accelerate
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Figure 3. Dynamical mechanical properties of the SCO/SU-8 composites. Temperature dependence of the a) resonance frequency and b) reciprocal of
quality factor of MEMS covered with the SCO/SU-8 composite film. Temperature dependence of the c) storage modulus and d) loss tangent of bilayer

films measured by DMA. Arrows indicate heating and cooling.

the evaporation of acetone. The spray coater was designed to spray in
four different directions during each cycle, which means four passes
per cycle to assure a homogeneous deposition. Sub-micrometric films
of =0.43 um thickness were formed during each pass, and the final
thickness depends on the number of deposition cycles (=1.77 pm per
cycle). After the film deposition, the sample was placed during 2 min at
363 K and then irradiated by UV light using an EVG 620 machine (90 s,
40 mW cm™2 at 365 nm). Finally, a postbaking at 363 K during 2 min
followed by a hard baking at 423 K during 3 min was done.

Sample Characterization: The temperature-dependent (293-423 K)
absorbance of the films was determined at 310 nm using a Cary 50 (Agilent
Technologies) spectrophotometer and a Linkam Scientific FTIR-600 liquid
nitrogen cryostat (equipped with fused silica windows). Temperature-
dependent (293-423 K) white-light optical reflectance measurements
were carried out using a stereomicroscope (Motic SMZ168) and a liquid
nitrogen cryostat (Linkam Scientific THMS-600). Room-temperature
infrared spectra were acquired in the attenuated total reflectance mode
(ATR) between 4000 and 600 cm™' using a Perkin Elmer Frontier FTIR
spectrometer. Variable temperature Raman spectra were collected
using the THMS-600 stage and an Xplora (Horiba) microspectrometer
equipped with a 532 nm laser. The spectra were acquired with a resolution
of =4 cm™ in a backscattering geometry using a 50x long-working-
distance objective (numerical aperture, NA = 0.5). The laser intensity
on the samples was set to =0.15 mW. Variable-temperature magnetic
susceptibility data were obtained at cooling and heating rates of 4 K min~!
under a field of 0.1 T using a Quantum Design MPMS superconducting
quantum interference device magnetometer. The experimental data were
corrected for the diamagnetic contribution. SEM images were acquired
at room temperature using a Hitachi S-400 instrument. Transmission
electron microscopy (TEM) images were acquired at room temperature
using a JEOL JEM-1400 (200 kV) instrument. The deposited film thickness
was measured using a mechanical profiler KLA-Tencor/P-15. The film
roughness was measured under ambient conditions using a Cypher-ES
AFM (Oxford Instruments) in tapping mode.

Mechanical Testing: An ARES G2 rheometer from TA Instruments was
used to perform DMA testing using a film tension geometry. Samples
were cut into a rectangular shape 24 x 7.5 mm with a thickness of
170 um, and were loaded at a starting gap height of 10 mm. Two screw-
down clamps held the film in tension while a small amplitude oscillatory
strain of 0.08% was applied to it at a frequency of 1T Hz. A static axial
force of 2 N on the samples was set to be at least 20% greater than
the dynamic strain force applied to the film in order to prevent the
sample buckling. Preliminary amplitude tests were performed at
room temperature in dry nitrogen atmosphere to determine the linear
viscoelastic range and optimal mechanical conditions. Data were
acquired between 293 and 403 K with scan rates of 2 K min~".

MEMS Characterization: For dynamic measurements, the MEMSs
were actuated at their resonance frequency using magnetic actuation
and detecting the mechanical vibrations by piezoresistors. A home-
built VNA card was used to track the mechanical response in terms of
resonance frequency and the quality factor Q was also determined. The
MEMS devices consist of a silicon chip that includes two cantilevers: one
is freestanding, thus is free to bend and vibrate, while the other one is
fixed to the substrate. The latter serves as a reference to offset resistance
variations due to environmental changes (e.g., temperature). On the other
hand, resistance variations due to cantilever deformation arise only in the
freestanding structure. The electronic system has a second loop which
allows compensating this variation by a modification of the polarization,
which gives thus the static variation of the resistance. A Linkam Scientific
HFS350EV cryostat was used to control the device temperature between
293 and 423 K at a heating/cooling rate of 2 K min~', while maintaining a
constant pressure of 15 mbar during the whole experiment.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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