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Light-Controlled Actuation, Transduction, and Modulation
of Magnetic Strength in Polymer Nanocomposites

Johannes M. Haberl, Antoni Sdnchez-Ferrer, Adriana M. Mihut, Hervé Dietsch,

Ann M. Hirt, and Raffaele Mezzenga*

Remotely controlled actuation with wireless sensorial feed-back is desirable
for smart materials to obtain fully computer-controlled actuators. A light-con-
trollable polymeric material is presented, in which exposure to light couples
with a change in magnetic properties, allowing light signal conversion into
non-volatile magnetic memory. The same material can serve, additionally,
both as actuator and transducer, and allows the monitoring of its two-way
elastic shape-changes by magnetic read-out. In order to tune the macroscopic
magnetic properties of the material, both the reorientation of i) shape aniso-
tropic ferrimagnetic nano-spindles and ii) a mechanically and magnetically
coupled liquid-crystalline elastomer (LCE) matrix are controlled. These mate-
rials are envisioned to have great potential for the development of innovative
functional objects, for example, computer-controlled smart clothing, sensors,

wall motion in single crystals! and spin
inversion with circular polarized light in
bulk magnetic recording media.l®’”! How-
ever, the structural changes in all these
materials are local and the macroscopic
deformation is typically too small to serve
in a broader context of applications. In
contrast, polymeric elastomers allow high
deformations but the occurrence of room-
temperature ferromagnetism of poly-
mers alone remains an exotic and weak
effect.®l In order to introduce a stronger,
exploitable magnetic response, we pro-
posed coupling the ferrimagnetic prop-

signal encoding, micro-valves, and robotic devices.

Controlling magnetic properties via external stimuli can open
the way to new magneto-active materials.? Light can ideally
activate magnetic response, since it is non-invasive and can
be transferred wirelessly over large distances.’! Nonetheless,
due to the low magnetic susceptibility of organic matter, light-
triggered magnetic changes in polymers remain difficult to
be exploited. Here we present a polymeric material, in which
exposure to light couples with a change in magnetic proper-
ties, allowing light signal conversion into non-volatile magnetic
memory.

Photoresponsive magnetic materials span a broad spec-
trum of length scales, extending from a molecular scale with
charge-transfer and spin-crossover,?* to controlled domain
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erties of embedded nanoparticles (NPs)
having strong shape-anisotropy with the
mechanical properties of the surrounding
polymer matrix.”!% To introduce the
photo-mechanical effect in organic systems, photo-isomerizing
molecules have been incorporated as a switch to actuate liquid-
crystalline (LC)"V or crystalline organic materials.') However,
due to the high absorption coefficient of incorporated NPs,
such as, for instance, carbon nanotubes, a much more efficient
actuation can be achieved by thermal relaxation effects after
photo-excitation of the NPs in shape-memory polymer nano-
composites,[3 and liquid-crystalline elastomer (LCE) nanocom-
posites.'Yl Nonetheless, these nanocomposites cannot offer any
usable magnetic response due to the extremely low magnetic
susceptibility of organic matter. Instead, we propose here to use
anisotropic nanospindles from y-Fe,0; as nanofillers in LCEs,
for which both magnetic and optical responsel’ becomes pur-
suable. We then show that the oriented nanocomposite (OLCE)
presented in this study, exhibits a unique two-way reversible
actuation as a function of two different external stimuli, either
illumination or temperature change, with a simultaneous
change of ferrimagnetism and we demonstrate that remote
controlled actuation can be monitored by magnetic means.
The new material is proposed as the missing extension to the
information storage materials discussed above, to gain access
to applications ranging from signal manipulation to artificial
muscles in computer-controlled robotic devices.

The LCEs with covalently incorporated magnetic NPs were
obtained from surface functionalized core-shell maghemite
nanospindles. These NPs were embedded into a hydroxyl-ter-
minated LC polyester and mutually crosslinked with a triiso-
cyanate, as previously reported.” A macroscopically oriented
OLCE nanocomposite was obtained from a similar mixture
using a two-step crosslinking procedure.'®! This has required
an intermediate deformation step to orient the LC and to
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Figure 1. Laser-light induced heating and stress of the LCE nanocom-
posite. a) False-color infrared emission peak at position of laser-line
target on the sample with the corresponding color map. b,c) Laser-light
stimulated polymer-relaxation stress-cycles of OLCE measured at room-
temperature (green and red curves are the corresponding excitation and
relaxation fits, respectively) correlated to the light-induced temperature
effect (c).

induce a prolate shape of the Gaussian polymer chain confor-
mation after the first crosslinking step, which was fixed in the
curing process.

In order to test the effect of light absorption on these nano-
composites, mechanical experiments were combined with
monochromatic irradiation. The temperature effect was visu-
alized by a thermo-camera as shown in Figure 1. Due to the
high absorption coefficient of maghemite at 532 nm,["”! and
its predominant thermal relaxation after the excitation, green
light irradiation can be used to heat the LCE matrix beyond
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its LC phase transition (smectic-isotropic) temperature. When
fixed from both extremes in a tensile stage, the OLCE nano-
composite operates as a light sensor and generates a maximum
isostatic stress of ¢ = 160 kPa from a laser-line generator with
an illuminated volume of 2.5 mm? and an excitation time of
140 s. When the light is turned off, the sample relaxes with two
time constants: T,1 = 3 s associated to the polymer relaxa-
tion in the isotropic phase and T, = 90 s associated to the
polymer recovery of the LC phase. Thus, the light-induced tem-
perature change is responsible for the polymer conformation
change, similar to the effect induced by temperature changes
in presence of an external temperature source. A photo-energy
actuator is alternatively obtained when the sample is kept free
from one extreme restriction. This is evaluated in detail in a
second stage: Thermoelastic experiments were performed
in order to analyze the performance of the reversible shape
change of the OLCE nanocomposite (Figure 2a). The polymer
chains are relaxed into the spherical Gaussian chain distri-
bution by heating to 100 °C in the isotropic phase (A = 1.0).
During cooling below the clearing temperature T, the aspect
ratio of the sample changes and the sample reaches the length
A =1.15, when the oriented LC phase is recovered and aligned
according to the network restriction that was imprinted during
the synthesis. Simultaneously, the polymer chain distribution
becomes prolate. Upon heating, the enthalpy restriction of
the LC phase is removed and the polymer relaxes back into its
initial spherical Gaussian chain distribution.'®!7] It is inter-
esting to note that in the present OLCE nanocomposite, there
is a strong hysteresis between the heating and the cooling
curve (Figure S1, Supporting Information). Similar hysteresis
behavior is untypical for LCEs, but it is commonly associated
with semi-crystalline phase changes in two-way actuators.!'®!
Due to the absence of crystalline peaks in the X-ray patterns,
the behavior of this material is attributed to the kinetic effects
of the triethylene oxide chain-segments.

To evaluate the nanostructural change during these tem-
perature cycles quantitatively, a reorientation model is applied
(Figure 2b). Based on the theory for ideal elastomers and a
Poisson ratio of 0.5, all objects in the material are assumed to
reorient due to simple geometric constraints.'”! Their orienta-
tion vector change upon deformation A, which is identical to
the transformation of any position vector 6, to 6, following:

0=arctan(1/\//l_3tan00) (1)

Thus, the orientation distribution of the NPs, dP/d6, can be
calculated from:

dp dp de, dpP darctan(\/;t3tan0)

4o de, do  de,’ de
=d—P~(l3/2 sin?@+17%? c0520)71 (2)
d90

where dP/d6, is used as normalization constant of initially
non-oriented objects.

Using this approach azimuthal scattering curves can be
fitted with one parameter § that is used instead of A, with an
expected value of /A = 1 for ideal elastomers. The evaluation
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Figure 2. Actuation and structure analysis of the OLCE nanocomposite. a) Thermoelastic length changes in temperature cycles of the OLCE nano-
composite. b) Objects orientation vectors (P) in an ideal elastic material (constant volume) obeying the applied deformation A = a/aq by reorientation
from 6, to OA. c) 2D X-ray scattering patterns at 25 and 100 °C in the small-angle (SAXS) and wide-angle (WAXS) region. d) The azimuthal scattering
intensity in the SAXS region, and the corresponding fitting curve I(c) = (8*/2 cos?ot + §73/% sin?a)", where 5=1.16 at 25 °C and §=1.10 at 100 °C, and
e) in the WAXS region, where §=1.6 at 25 °C and 6= 1.0 at 100 °C. In both cases ¢ is taken as 6 + 90°.

further assumes scattering objects with infinite aspect ratio, as
in Hermans' order parameter calculation,?%2!l so the popula-
tion curve is shifted 90° to the scattering curve.

Based on this model, the orientational behavior of the LCE
and the LCE nanocomposites were tested in mechanical and
X-ray scattering experiments. The corresponding stress-strain
curves are shown in Figure S2 (Supporting Information). In
the LCE nanocomposites an increased modulus is obtained
with higher particle contents and the network is strengthened
in comparison to the neat reference sample LCE, as shown
earlier.'% In order to obtain the nanostructural changes, the
azimuthal X-ray scattering distributions in the wide- and small-
angle (WAXS, SAXS) were extracted as a function of applied
deformation. In the WAXS region, the scattering peak at g =
14.4 nm™! indicates the mesogen correlation length of the LC.
The SAXS pattern at g = 0.153 nm™! shows a correlation length
associated to the core-shell ellipsoidal NPs.”1922 High resolu-
tion scattering patterns for the mesogens were obtained from
the reference sample LCE (Figure 3a,b) and from the nanocom-
posite LCEQ.5 (Figure 3c, d) and for the NPs from the sample
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LCE10 (Figure 3e,f). The obtained scattering is shown with the
fitting curves that were obtained from I(c) = (8*/? cos?or + §3/2
sin?0)7!, where o is taken as 6 + 90°. The fitting parameter §
is presented in Figure 4 as a function of the deformation A. In
comparison, the apparent order parameter S,pparent is shown in
Figure 4b, which is calculated from the fitting curves, similar to
Hermans order parameter:[2%-21]

/2
. !j—g(e)(}cosz—l)sinede
/2 dP

| = (©)sinode

) do

S apparent =

N |

The definition of S,,puren, Without background subtraction,
is necessary for reproducibility reasons at the design limit for
lim S (A — 1) = 0. Due to their direct relation, both parameters
0 and S,yparent can be discussed together, in comparison to the
elastomer reorientation model, where S,pparen; is calculated for a
theoretical curve with § = A. Upon initial deformation, the LCs
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Figure 3. Azimuthal X-ray scattering distribution of a,b) the reference sample LCE and of c,d) the nanocomposite LCEQ.5 at a scattering angle of g
=14.4 nm™, corresponding to the LC, and the azimuthal scattering intensity of the nanocomposite LCE10 (e,f) at g=0.153 nm™", corresponding to the
NPs. The fitting curves were obtained from I(c) = (8°/? cos?ct+ §73/2 sin?0) ™', where §is used as fitting parameter, and A is the applied deformation. ais
taken as 6+ 90°. Note that for the NPs, the mean value of the two obtained peaks is taken to reduce noise and that data for the LC in the sample LCE10
and for the NPs in the sample LCEOQ.5 follow the same trend, but with significantly reduced signal-to-noise ratio and are not included here therefore.

in the reference sample LCE and in the nanocomposite LCE0.5
show an order parameter which is close to the predicted one
from the reorientation model. At A = 1.50 to 1.75, the order
parameter of the mesogens increases beyond the prediction
values, and grows slowly only from here on, falling back behind
the prediction at high strain values. This is supported by ear-
lier findings connected to the tensile modulus,®'% and similar
studies on the order parameter of smectic LCEs.2%24 At A = 3,
the experimental set-up induces defects due to slipping. For the
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NPs in LCE10, a different behavior is observed and the obtained
order parameter stays constantly below the model value and
the obtained values of the mesogens. This can be attributed to
decoupling of the particles from the matrix and a missing LC
alignment term in the free energy of the NP orientation below
percolation. Please note that only due to our baseline treatment,
the obtained apparent order parameters are below the conven-
tionally obtained values for Hermans order parameter, which
we used previously®!% and which can be taken in comparison.

Adv. Funct. Mater. 2014, 24, 3179-3186
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Figure 4. a) Fitting parameter 6 and b) apparent order parameter S,parent as a function of the deformation A for the LC in the reference sample LCE
(black), the LC in the nanocomposite LCEQ.5 (blue), and for the NPs in the nanocomposite LCE10.

In short, a continuous reorientation of the nanoparticles is
noted during deformation.

Due to these results, also for the OLCE a continuous reori-
entation of the nanoparticles during the reversible deformation
cycles is expected. This was verified by wide- and small-angle
X-ray scattering (WAXS and SAXS) experiments, performed at
25 °C and 100 °C (Figure 2c). At high temperature and A = 1.0,
the isotropic scattering distribution in the WAXS region indi-
cates the absence of order in the isotropic phase of the matrix
(Figure 2d). The SAXS region, however, shows an anisotropic
scattering, which is related to a remaining preferred orientation
of the nanospindles due to the imprinted alignment during
synthesis. After cooling to 25 °C into the LC phase, anisotropic
scattering is observed in both the WAXS and SAXS regions.
Quantitatively, upon cooling, the § parameter increases from
1.10 to 1.16 in the SAXS region, and from §= 1.0 to §=1.6 in
the WAXS region. This is in agreement with the observations
of higher orientation of the LC in comparison to the NPs in the
non-oriented LCE stretching experiments and with the strong
coupling of the LC and the elastic network in main-chain
LCEs,[2*24 which is much more effective than the confinement
that orients the NPs.[19

The magnetic properties correlated to the change in ori-
entation of the NPs were monitored as a function of tem-
perature using a vibrating sample magnetometer (VSM). The
experiments were carried out parallel and perpendicular to the
imprinted axis of orientation (Figure 5). A strong magnetic
field (H = 10 kOe) was first applied and then removed, thus
imparting a remanent magnetization. This was then moni-
tored during heating from room-temperature to the isotropic
phase, and cooling back down to room-temperature. In the
parallel configuration, upon heating through the phase tran-
sition temperature, the remanent magnetization decreases
about 14%. The original magnetization is recovered to a large
extend upon cooling. This is reflecting the reorientation of the
NPs.2>20] In perpendicular configuration, the change in rema-
nent magnetization is weaker than in parallel configuration
due to the two equivalent dimensions of expansion, x and y
(Figure 2a) and the observed effects are dominated by thermal
relaxation of remanence within the NPs, due to the adverse
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imposed magnetization direction in this experiment. Thus,
upon heating, only a plateau of the remanent magnetization is
reached during the expansion of the sample in the measuring
direction due to the increasing population of particles oriented
in this direction, as observed in the X-ray experiments. Upon
cooling through the phase transition, the remanent magneti-
zation recovers the original trend seen for the reference LCE
nanocomposite, where no reorientation occurs.

In order to evaluate the equivalence of the temperature-
induced and light-induced changes on the magnetic properties,
temperature controlled and laser-light stimulated VSM meas-
urements were compared (set-up is shown in Figure 6a). Exper-
iments are shown for the polydomain non-reversibly actuating
LCE nanocomposite reference samples in order to distinguish
between the temperature effects and shape effects. The temper-
ature dependent hysteresis curves are shown in Figure 6b. After
stretching the polydomain sample to A = 2.0, the LCE acquires
a remanent magnetization of M, = 0.26 emu g in the hyster-
esis measurement. Then the polydomain was recovered upon
heating the sample at 100 °C, and the hysteresis curves were
measured at 100 and 25 °C showing a clear overlapping and
the same value of M| = 0.16 emu g! at A = 1. This proves that
there is no measurable change in the magnetic structure of the
NPs within this temperature range. To correlate the magneti-
zation change to the deformation, the remanent magnetization
was measured upon a heating-cooling cycle. In Figure 6¢, the
obtained magnetization change is compared to the elongation
A, obtained from a thermoelastic experiment on the LCE. At T,
when the sample shortens, the magnetization decreases due to
the randomization of the NPs main axis!*!% and stays constant
during cooling, as the NP orientation stays randomized. Addi-
tionally, the matrix is supporting the magnetic signal change in
a constructive way, since calamitic biphenyl moieties have posi-
tive magnetic susceptibility anisotropy,?’ and the LC misaligns
in the same manner as the NPs.[%10)

The results of the hysteresis measurements before, after
and during illumination (Figure 6d) are in perfect agreement
with the temperature-induced changes shown above. These
results importantly verify that upon the applied illumination
the temperature inside of the particles is not high enough for
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nanospindles can be used on demand either
as light-controlled actuators, transducers
or magnetic storage devices. Light actu-
ates these nanocomposites based on photo-
thermal effects rising the materials internal
temperature above the LC transition of the
organic matrix without distortion of the
inorganic structure. Thus, both light and
temperature can be used to trigger the LCE
nanocomposites and make them performing
the desired function. These materials are per-
fect candidates for the targeted construction
of fully computer-controlled actuators and
sensors.

/
e

7
n

Experimental Section

The LCE nanocomposites were synthesized
similarly to previously described procedures for
the synthesis of LCE nanocomposites'® and
single-domain LCEs.'® To obtain the orientation,
a two-step crosslinking was performed following
Kupfer et al.'® After an initial crosslinking step in
DCM-atmosphere during 1 h at room temperature,
the slightly crosslinked LCE nanocomposite gel
was cut into stripes and these were stretched to
approximately twice of the original length and

0.07 T T T T T T T
20 30 40 50 60 70 80 90

T(°C)

Figure 5. Reversible magnetization change of the OLCE nanocomposite. In a heating-cooling
cycle after an initial magnetization (not shown) applied once parallel () and once perpendicular
(L) to the major susceptibility tensor of the sample, remanence is measured in the magnetiza-
tion direction. In comparison, the non-oriented LCE nanocomposite is shown (grey symbols,

shifted for overlap).

unblocking of the magnetization, and that magnetic properties
are instead controlled by the orientation changes of the NPs
driven by the organic LC matrix. In order to further evaluate
the stability of the remanent magnetization and to demonstrate
that this is exploitable, the relaxation behavior was measured
first at A = 2.0 at room-temperature, and then at A = 1.0 at
room-temperature and at 100 °C. The remanent magnetiza-
tion value for the polydomain sample (A = 1.0) was 45% smaller
than for the stretched one (A = 2.0). Upon illumination of the
deformed sample, the relaxation of remanent magnetization
switches from the relaxation curve at A = 2.0 to the curve at 4
= 1.0, in agreement with expectation based on sample defor-
mation considerations (Figure 6e). In other terms, this change
in remanent magnetization is strong enough to be comfortably
measured and visible illumination can be converted into non-
volatile magnetic memory.

In summary, we have presented a concept in which hybrid
nanocomposites made of LCEs and core-shell maghemite

wileyonlinelibrary.com
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160 fixed in this position. The solvent was allowed to

evaporate and the stretched LCE nanocomposite
was heated to 80 °C for 48 h. The soluble content
in the final OLCE nanocomposite was removed by
extracting with CHCl; and acetone three times. The
OLCE nanocomposite had a solid content of 90%,
a volumetric swelling parameter (volume of CHCl;-
swollen elastomer to dry elastomer) of g = 7.4, and
a volumetric swelling anisotropy of £ = 1.1, where
Y=o /oy =1 and the swelling ratio ¢; is the ratio
of CHCl;-swollen length to dry length of the LCE in
each direction. The reference sample LCE without
orientation had a solid content of 86%, a swelling
parameter of g = 8.8, and a swelling anisotropy of
X = 0. Thermoelastic experiments were performed
using a Julabo FE32-HN refrigerated-heating
circulator. Equilibrated heating was performed in
steps of 2 K with 30 min equilibration time for each step. In order to
simulate fast processes during light-stimulated heating, experiments
were done at 1 K min~'. High resolution pictures were taken every 2 min
with a computer controlled Canon EOS 550 digital camera equipped
with a Canon macro lens EF 100 /2.8 L. In order to avoid bending of
the elastomer, the sample was permanently equipped with a constant
weight equivalent to about 0.03 MPa stress, depending on the shape
of the sample. Small-angle and wide-angle X-ray scattering (SAXS and
WAXS) experiments were performed using a Rigaku MicroMax-002+
microfocused beam (40 W, 45 kV, 0.88 mA) with the Ac, o= 0.15418 nm
radiation in order to obtain direct information on the scattering patterns.
The scattering intensities were collected by a Fujiflm BAS-MS 2025
imaging plate system (15.2 cm X 15.2 cm, 50 ym resolution) and a 2D
Triton-200 X-ray detector (20 cm diameter). An effective scattering vector
range of 0.05 nm~" < g < 25 nm~' was obtained, where q is the scattering
wave vector defined as g = 47 sinf [Ac, ko With a scattering angle of 26.
For the order parameter of the NPs, the SAXS patterns were evaluated at
low scattering angles (g = 0.15 to 1.0 nm™') and were related to the NPs
orientation following an integration intensity procedure as previously
reported.®1022 The scattering is weak in a neat LCE reference sample
at this scattering angle.’l For stress-free relaxation conditions, high and
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Figure 6. Magnetization behavior of the shape-memory LCE nanocomposite upon temperature change and light stimuli. a) Experimental set-up with
laser-light source and vibrating sample magnetometer (VSM) measurement. b) Magnetic hysteresis of the deformed LCE nanocomposite at A=2.0 and
A=1.0 at room-temperature, and at A =1.0 at 100 °C. c) Comparison of M, and A, which indicates the simultaneous transition of magnetic properties
and sample-shape upon heating. d) Magnetic hysteresis of the deformed LCE nanocomposite at A = 2.0 and A = 1.0 without light stimulus, and at 4
= 1.0 measured during light illumination. The inset shows the sample before and after light illumination. e) The relaxation behavior of the remanent
magnetization M, at A =2.0, A= 1.0 at room temperature, at A =1.0 at 100 °C, and upon illumination at room temperature.

low-temperature measurements were performed on different sample
holders, thus the z-axes are shifted 90° one to another in the obtained
patterns. In order to reduce the noise level for the evaluation, an average
of the two corresponding azimuthal peaks is taken with respect to the
C, symmetry and shown in Figure 2d and Figure 2e. For the scattering
data of a sample in the SAXS and respectively WAXS, a constant weak
scattering background was determined by fitting at all strain regions and
it was subtracted from the azimuthal intensities to compensate random
scattering. Tensile test measurements and light stimulated relaxation-
force measurements were performed on a Linkam TST350 thermostated
tensile stress testing (TST) system, computer controlled by a T95
LinkSys apparatus. As a laser-light source, a commercial 200 mW
Nd:YAG laser with frequency doubling to 532 nm was equipped with a
Lytron NG 2500 constant power supply and a voltage of 3 V was applied
allowing a current of 500 mA. The LCE reference sample without NPs is
not responding to such stimulus. A laser line generator with an opening
angle of 30° was used to control the sample illumination. The laser-
light power output on the sample was measured with a XR2100 optical
power meter from X-Cite at 532 nm, equipped with a XP 750 objective
plane power sensor with an uncertainty of £ 5%. For the evaluation
of the reorientation, measurements were performed at 60 °C with a
deformation speed of 10 pm s and 30 min equilibration time. The
infrared light images were taken with a TIM 160 thermo imager from
Micro-Epsilon. It was equipped with a 25° x 17° lens collecting a spectral
range of 7.5 to 13 ym with a system accuracy of + 2° and a temperature
resolution of 0.08 K. Magnetic hysteresis and magnetization values were
measured on a PMC MicroMag 3900 vibrating sample magnetometer
(VSM) in fields from H = —10 kOe to 10 kOe at 25 °C, using the LCE
composite after stretching to a deformation of A = 2.0 and the OLCE
composite as synthesized. Temperature was controlled with the inbuilt
oven that had to be removed from the magnet for the laser illumination.
All 1 = 1.0 measurements were collected after the first stimulus
application (heating or/and light) and relaxation of the deformed
sample; where necessary, that is, during a second illumination/heating
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step. It should be noted that for precise magnetic measurements the
sample had to be confined to avoid bending of the elastomer, and thus
the relaxation speed was limited due to surface friction.

Supporting Information

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