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Liquid Crystal Elastomers with Magnetic Actuation
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Summary: Magneto-active liquid crystal elastomers (LCEs) are accessible by the
incorporation of superparamagnetic Fe;0, nanoparticles into oriented nematic side-
chain LCEs and offer a contactless activation pathway to the nematic-to-isotrope
transition by local magnetic heating in external fields. In magneto-mechanical
measurements, a sample contraction of up to 30% is observed under field influence,
with full reversibility when the field is switched off. The load evolved reaches 60 kPa
and more. The ability of the materials to respond to a contactless electromagnetic
stimulus with a well-defined contraction can be of use for various actuator

applications.

Introduction

Liquid crystal elastomers (LCEs) offer an
interesting spectrum of properties, includ-
ing temperature-induced, fully-reversible
shape changes connected with considerable
development of pulling force, and synthetic
diversity. The covalent linking of meso-
genic units to a crosslinked three-dimen-
sional structure results in a coupling of the
macroscopic properties, such as shape and
strain, to the microscopic structure domi-
nated by the order and degree of orienta-
tion of the mesogens. As a consequence,
anisotropic (monodomain) LCEs exhibit a
dramatic shape change at the nematic-
isotropic phase transition of the liquid
crystalline phase, as was predicted by De
Gennes!! and experimentally confirmed in
1991.21 As this is a thermodynamic equili-
brium phenomenon, the process is fully
reversible.
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However, to turn the unusual properties
of LCEs in a viable device, it is desirable to
trigger such shape changes with other
stimuli rather than temperature changes.
Next to practical implications of tempera-
ture changes, e.g. in biological systems, the
need for a fast response time limits the
applicability of LCEs operated by tempera-
ture, with response times that are generally
ruled by heat conductivity and sample size.

In order to take advantage of LCEs for
an extended number of viable devices, it is
desirable to trigger such shape changes with
electromagnetic fields rather than external
temperature changes.*® Some of the
limitations can be readily faced by the
use of magnetic nanoparticles (MNP) as
antennas for electromagnetic energy dis-
sipation.

MNPs are known to transfer energy
from electro-magnetic irradiation into heat
due to relaxation processes.'"!!l This
behavior offers the possibility to induce
phase changes locally in the environment of
the particles by using AC fields in the kHz
range,'>5) a frequency range where many
other materials are transparent. Recently,
the applicability of magnetic heating by
iron oxide nanoparticles has been demon-
strated for shape memory thermosets. 1!
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Scheme 1.
Illustration showing the magnetically-induced length
contraction in magneto-active LCEs. Scales do not

apply.

Magneto-active LCEs are accessible by
the incorporation of superparamagnetic
Fe;0,4 nanoparticles into oriented nematic
side-chain LCEs and offer a contactless
activation pathway to the nematic-to-
isotrope transition by local magnetic
heating.

Experimental Part

Transmission electron microscopy (TEM)
images were recorded with a LEO 912
Omega TEM. Sample preparation was
carried out with a Leica Ultracut UCT
equipped with a cryo chamber Leica EM
FCS at -120°C.

X-Ray diffraction measurements were
performed using monochromatic CuKa
irradiation (1=1.54A) and a two-dimen-
sional image plate detector system.

VSM was recorded on a magnetometer
EV7 (ADE magnetics) with a field max-
imum of 1.3 x 10°Am™".

Thermal properties of the LCEs were
analysed by DSC. The system used was a
Mettler Toledo DSC 822° equipped with a
sample robot TSO801RO. Samples were
measured between —50 °C and 150 °C with a
heating rate of 10 K min .

Magnetic heating experiments were
performed on a Huettinger High Fre-
quency (HF) Generator TIG 5,0/300 with
a copper inductor (/=50mm, d;=35mm,
n=>5). The apparatus was operated at
300kHz at a maximum induction power
of 5.0kW and a maximum amplitude field
strength H™ of 42.6kAm™". The tempera-
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ture was recorded with an Opsens OTG-A
fibre optic system.

Mechanical characteristics of the LCEs
were investigated with a Zwick-Roell
tensile-strength tester TC-FR2.5 equipped
with a thermobox W91300. For magneto-
mechanical experiments, the tensile-
strength tester was combined with the HF
generator. The tested LCE is placed in the
middle of the copper inductor with non-
metal clamps, in order to avoid clamp
heating under the field influence. Relative
sample length was recorded while the
sample stress o was kept constant at a
value of o =0kPa.

Synthesis of the Toluene-Based Magnetic
Fluid (MF)

The synthesis of the magnetic fluid is
realized by the precipitation of magnetite
(Fe5O,4) nanoparticles by alkaline hydro-
lysis of ferrous and ferric chloride (molar
ratio 1:2)!'"! and followed by stabilization of
the particles in toluene with N-oleoylsarco-
sine by a recently published method.["! The
Fe;O,4 content of the dispersions is deter-
mined by vibrating sample magnetometry
(VSM) to 0.5vol%. The resulting stable
particle dispersion (magnetic fluid, MF) is
used as the medium in the synthesis of
liquid crystal elastomers in order to incor-
porate Fe;O, particles to the polymer
network.

Synthesis of Magnetoactive Liquid Crystal
Elastomer Nanocomposites

The synthesis of magneto-active LCE net-
works is carried out in analogy to the two-
step crosslinking procedure published ear-
lier for oriented LCEs.*'8] Poly[hydrogen
methyl siloxane] as polymer backbone, 4-
(3-butenoxy)benzoic acid 4-methoxyphe-
nyl ester as the mesogen and 1,4-bis(unde-
cyl-10-enyloxy)benzene as the crosslinking
agent are dissolved in the magnetic fluid
containing a predetermined volume frac-
tion of MNP. 1,5-Cyclooctadienyl platinu-
m(IT) dichloride as catalyst is added and the
dispersion is filled into a mould (81 x 20 x
2) mm?, which is placed in a drying cabinet
for 80 min at 70 °C. Afterwards, the mould
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is cooled down and then removed. In order
to synthesize mono-domain samples, LCE
strips are loaded with 3.5kPa during the
final crosslinking process. By variation of
the Fe;0,4 concentration in the MF, LCEs
with particle content up to 1.8vol% are
obtained.

Results and Discussion

The incorporation of magnetic nanoparti-
cles into monodomain nematic side-chain
LCEs is achieved by the addition of a
stable, toluene-based particle dispersion to
the crosslinking prepolymer mixture and
crosslinking in situ, performed in a two-step
crosslinking process in analogy to the
procedure published previously for parti-
cle-free LCEs.[>1®!

The elastomers consist of a polysiloxane
backbone and 4-(3-butenoxy)-benzoic acid
4-methoxy-phenyl ester type LC-side
groups. Mesogen, siloxane and the cross-
linking agent are added to the MF, and
LCEs are prepared by heating the mixture
in an appropriate mould to 70 °C. In order
to obtain monodomain samples, the slightly
crosslinked gels are removed from the
mould and loaded with 3.5kPa during the
final crosslinking process at 70 °C. Electron
microscopic investigations (TEM) reveal a
successful and homogenous incorporation
of the magnetic nanoparticles in the LCE
samples (Figure 1a).

In order to characterize the stock MF as
well as the resulting LCE samples, VSM
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measurements are performed (Figure 2a).
Assuming a spontaneous magnetization
value of 45x10°Am~" for Fe;O, a
particle content of vge304=0.48vo0l.-%
for the stock MF, and a Fe;O,4 content up
to 1.64 vol % for magnetic LCE samples are
obtained. From initial susceptibility y;n;, an
average hydrodynamic core diameter of
11.8nm can be calculated in agreement
with results from TEM. As shown in
Figure 1b, typical X-ray diffractograms
indicate a mono-domain structure with an
order parameter of S=0.63 that was
determined by the method of Mitchell
et al.[1920]

To ensure that the heat development by
the incorporated Fe;O,4 particles is suffi-
cient to reach Tyj, magnetic heating
experiments are performed by placing the
sample in the center of an induction coil
that is fed with a LC circuit, and the sample
temperature is recorded versus irradiation
time with a fiber optic temperature probe
system.

It is observed that the temperature of
MNP-containing samples increases with
time, and that this increase depends on
the FezO4 concentration. The initial heat-
ing rate (d7/dr);,; increases linearly with the
MNP concentration from 044Ks™' to
1.81Ks !, resulting in a sample tempera-
ture up to 95°C for the highest magnetic
material load after 2.5min under the
experimental conditions (Figure 2b). The
slope of the linear plot of (d7/dr);,; against
the MNP concentration delivers the con-
centration independent specific heating
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Synthesis of magneto-active LCEs by incorporation of magnetic nanoparticles in situ during crosslinking by

hydrosilylation.
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Figure 1.

(a) TEM image and (b) x-ray diffraction pattern of magnetoactive LCEs. (a) polydomain, (b) oriented.

power of the particles immobilized in the
LCE matrix, Pyy=56.8Wg L.

The phase transition temperature Tny of
around 70 °C that does not show influence
of the particle concentration is reached for
samples with at least 1.4vol% Fe;Oy4
content in this setup. The experiments
show that MNP loaded LCEs can be heated
sufficiently in order to induce the phase
transition in a HF magnetic field.

A detailed theoretical study on the
temperature profile development with time
has been conducted recently for MNP-filled
elastomers under magnetic heating, and the
results showed good quantitative agree-
ment with the experimental results pre-
sented here.*!] The results indicate that a
fast regional equilibration can be expected
over the sample already at low thermal
conductivities of the matrix. In addition, the
important impact of the heat transfer to the
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Figure 2.

sample environment, ant thus the sample
size on the saturation temperature after
reaching the steady state is pointed out.
In order to investigate the mechanical
properties of LCEs, a tensile-strength tester
is used. The setup can be equipped either
with a thermo-chamber, or an induction coil
coupled to a HF generator, in order to
investigate either the temperature influence
in thermo-mechanical experiments, or the
impact of the AC field in the magneto-
mechanical setup. Cyclic experiments are
conducted under constant stress (o =0). By
recording temperature and sample length
versus time, we obtain information on the
fully reversible contraction / expansion of
the sample material. Results of the mechan-
ical properties are presented in Table 1.
MNP-loaded LCE samples with particle
contents between 0 and 1.64vol% are
analyzed. Sample contractions up to a
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(a) Quasi-static magnetization curves and (b) magnetic heating profiles of magneto-active LCEs in AC magnetic

fields.
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Table 1.

Thermo-mechanical and magneto-mechanical properties of MNP-loaded LCE samples.

Sample® Veesoq” [VOI%] [b] M [%] [c] A’ [%] [d] (1= (1-2)° [%]
MOo@BMPSO 0 76.2 99.7 13
M02@BMPSO 0.19 79.5 98.1 9.3
M03@BMPSO 0.31 68.8 96.0 12.8
M06@BMPSO 0.58 79.3 94.7 25.6
M08@BMPSO 0.76 74.0 93.7 24.2
M15@BMPSO 1.45 80.6 85.2 76.3
M16@BMPSO 1.64 73.0 74.0 96.3

*sample denotations: M(Veezo4 X 10)@)LCE."F:3304 volume content (VSM). relative sample length Ay = Lgo/Lys,
from sample length at 25 °C (L,5) and at 80 °C (Lgo)-relative sample length Ay = Lon/Log from sample length in
the absence (L) and presence (Lon) of the HF field (300 kHz, 42.6 kA m ™). relative contraction ratio of thermal

and magnetical activation.

relative length At of 74% are reached by
heating the sample in a thermo-chamber
between 25°C and 80°C. The achieved
contraction is not affected by the particle
load, but rather by the mechanical pre-
treatment, and full reversibility is observed
over at least five heating/cooling cycles. For
detailed investigations on the magneto-
mechanical behaviour of FeszO4 loaded
LCE samples, the tensile strength tester
is combined with the inductor coil, and the
elastomer strips are fixed in the clamps of
the instrument, located in the centre of the
induction coil. In order to gain information
on the reversibility and the velocity of the
field-induced shape change, on/off-cycles of
various electromagnetic field amplitudes
and on samples containing different
amounts of MNPs are performed, and the
resulting sample length is recorded.
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Figure 3.

Figure 4a shows the results for magneto-
mechanical measurements of LCEs with
different MNP amounts at a constant field
amplitude A~ in dependence of time. After
the field is switched on, an immediate
contraction of the sample is observed, and
the specimen reaches a saturation length in
the field after a couple of minutes. The
resulting relative sample length Ay in the
presence of the field depends on the particle
volume fraction. Values between 99.7% for
the LCE sample without any particles, and
74% for the sample with the highest
investigated particle load are found. The
values can be correlated to the respective
contraction behavior by thermal activation
by forming the contraction ratio of (1-4y;)/
(1-A1). We find that a full contraction
comparable to the thermal activation can
be found for a material containing

O
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(a) Linear relationship between initial heating rate (d7/dt);,; and magnetite content; (b) indication of logarithmic

relationship between T and t.
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Magnetomechanical behavior of LCEs containing various MNP contents in AC field at 300 kHz, 43kAm™;
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(a) under constant load of o= 0; (b) under constant strain (Vee304 =1.64v0l%).

1.64 vol% of MNP. The cycles show that the
observed contraction is reversible, and that
/m decreases with the applied amount of
particles, since the rate of heat develop-
ment and the maximum sample tempera-
ture in the elastomeric sample depends on
the particle concentration. In cycles
recorded under constant strain, the force
developed from the sample is determined
to reach 60 kPa and more (Figure 4b).
For the temperature development with
time, it is reasonable to expect the follow-
ing: Due to magnetic heating of the
nanoparticles under the field influence, a
constant heat flux Oy = PyVEe3oq 1S gen-
erated within the sample when the field is
switched on. An ideally-isolated sample
would show a constant heating rate d7/dr
depending on its heat capacity. In the real
case, we observe a logarithmic increase of
the sample temperature with time due to an
increasing heat exchange Q. with the
environment, which ends up at a saturation
temperature Ty,x when Qcx=0Owm. The
course can be described well with an
exponential fit during the initial period of
20s as can be seen in Figure 3b. We extract
a characteristic time constant of 7=14.3s
that is related to the heat exchange Q. and
therefore to the sample geometry.

Conclusion

The presented results prove the versatility
of the concept of activating large shape-
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changes in oriented LCE networks by
magnetic heating using a contactless elec-
tromagnetic trigger, resulting in a reversi-
ble, well-defined change in the relative
sample length along the tensor up to 27%.
The findings offer the chance to develop a
new type of contactless soft actuators.
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