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ABSTRACT 
 

Liquid crystalline elastomers (LCEs) are materials that reveal unusual mechanical, 

optical and thermal properties due to their molecular orientability characteristic of low molar 

mass liquid crystals while maintaining the mechanical elasticity distinctive of rubbers. As such, 

they are considered smart shape-changing responsive systems. In this work, we report on the 

preparation of magnetic sensitized nematic LCEs using iron oxide nanoparticles with loadings of 

up to 0.7 wt%. The resultant thermal and mechanical properties were characterized by 

differential scanning calorimetry, expansion/contraction experiments and extensional tests. The 

magnetic actuation ability was also evaluated for the neat elastomer and the composite with 0.5 

wt% magnetic content, finding reversible contractions of up to 23% with the application of 

alternating magnetic fields (AMFs) of up to 48 kA/m at 300 kHz. Thus, we were able to 

demonstrate that the inclusion of magnetic nanoparticles yields LCEs with adjustable properties 

that can be tailored by changing the amount of particles embedded in the elastomeric matrix, 

which can be suitable for applications in actuation, sensing, or as smart substrates. 

 

INTRODUCTION 

 

Coupling the molecular orientability characteristic of low molar mass liquid crystals with 

the mechanical elasticity of slightly crosslinked polymeric networks gives rise to a group of 

functional responsive materials known as liquid crystalline elastomers (LCEs). When external 

stimuli are applied, such as temperature, the constituent anisotropic molecules with mesomorphic 

features, known as mesogens, can undergo reorientations causing deformations of the polymeric 

chains to which these molecules are attached and in consequence fluctuations in its physical 

properties. Among these fluctuations are the dramatic reversible length changes of uniformly 

oriented LCEs and the variations of optical properties (i.e.birefringence) when transitions from 

disordered to ordered states, or vice versa, are occurring. Inversely, by the application of 

mechanical strains or deformations, it is possible to induce reorientation of the mesogens which 

is manifested in alterations of mechanical and optical properties as well [1, 2]. Therefore, LCEs 

are ideal candidates for applications in actuation, sensing and smart substrates, amongst others 

[3].   

Incorporation of inorganic fillers with special features such as sensitivity to external 

fields or light irradiation, can produce more efficient materials. Reports on the addition of carbon 

nanotubes to LCEs have shown to expand the number of stimuli that can be used to trigger shape 

changes, such as light irradiation at different wavelengths or application of electric fields [4-6]. 

The introduction of magnetic particles into LCEs has limited precedents [7-9] and in this regard, 

iron oxide nanoparticles are proposed in order to produce magnetic responsive elastomers that 
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can be stimulated remotely. Nevertheless, introduction of particles into a liquid crystal matrix 

can negatively affect their internal structure.  In this report, the systematic evaluation of the 

effect of particle content on the thermal, thermo-mechanical, mechanical and magneto-

mechanical properties of magneto-sensitized LCEs using oleic acid-coated iron oxide 

nanoparticles is presented. Understanding the effect of particle concentration on the structure and 

performance properties of the LCEs is necessary to optimize formulation parameters for specific 

applications. For example, applications in bioengineering would require low particle content to 

decrease potential risks associated with particle leaching and operating temperature (or LC phase 

range) below 40 °C to prevent cell death. 

EXPERIMENTAL DETAILS 

 

Liquid crystalline elastomers synthesis 
 Liquid crystalline elastomer films were prepared following the two steps crosslinking 

reaction proposed by Finkelmann [10], using 10% of crosslinker, 1,4-(10-undecenyloxy) 

benzene, 11UB, synthesized according to reported methods [11] and 80% of mesogenic 

monomer, 4-(3-butylenoxy)benzoic acid methyl ester, MBB, purchased from TCI America. The 

polymer backbone, poly(methylhydrosiloxane, (PHMS Mn 1700-3200, Sigma-Aldrich, USA) 

was simultaneously mixed with the mesogenic monomer and the crosslinker followed by 1 mL 

of the reaction solvent (toluene, HPLC grade, Sigma-Aldrich, USA), and 20 to 50 μL of a 1 wt% 

Pt catalyst (1,5-cyclooctadienyl platinum(II) dichloride, Sigma-Aldrich, USA) solution prepared 

in dichloromethane (Sigma-Aldrich, USA, used as received). The mixture was transferred to a 

sealed PTFE (Teflon™) mold and left to react at 65 °C for 1 h. The resultant gel-like material 

was then removed from the mold and subjected to a constant load, while the crosslinking 

reaction was still occurring. After an alignment was observed (optical transparency) the films 

were left standing at 40 °C for 48 h to ensure completion of the reaction. Finally the films were 

rinsed with toluene in order to remove any unreacted material.  In order to prepare the magnetic 

LCEs, different solutions of oleic acid-coated iron oxide nanoparticles (dH = 20 nm, Sigma-

Aldrich, USA) in toluene were used as the reaction solvent. Particle concentrations of 0.07, 0.17 

and 0.25 wt/v% were used to give approximately 0.2, 0.5 and 0.7 wt% of particles in the LCE 

matrix, respectively. 

 

Materials characterization 
Thermal transitions were measured on a TA Instruments Q2000 DSC under a nitrogen 

flow of 50 mL/min in heating-cooling-heating cycles at rates of 10°C/min. The reported values 

for the glass transition correspond to the midpoint of the step change, while the nematic-to-

isotropic transition was identified as the maximum of the endothermic peak in the second heating 

heat flow trace. In order to quantify the mechanical elasticity or the stiffness, tensile tests were 

performed parallel and perpendicular to the director (stretching direction) using a stress-

controlled rheometer Anton Paar MCR 302 equipped with an extensional test fixture (X-pansion 

Instruments SER2), and with a convection oven (CTD 450). The strain rate was constant at 0.02 

s-1 and the temperature was set such as Ttest = 0.7 Tni to obtain a similar nematic state. Thermo-

mechanical (expansion/contraction) experiments were conducted by manually recording the film 

length at 5 °C steps from 90 to 20 °C. The temperature was held fixed until stabilized in an 

INSTEC HSC302-mK1000A thermal stage and was independently verified with a surface 

thermocouple connected to the aluminum stage. Magneto-mechanical experiments were 
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performed with an induction heater apparatus Ambrell EASYHEAT LI (RHS). The samples 

(about 2.6 cm in length) were placed vertically in the middle of the coil (four turns, 3.16 cm ID, 

2.97 cm height) clamped at one end and suspended at the other. The change in position of the 

suspended end was monitored by taking pictures with a camera every 20 seconds, and the data 

was collected using ImageJ software. Several on/off cycles, of 8 min each, were run at a constant 

oscillation frequency of 298 kHz and a field strength of about 49 kA/m. 

 

RESULTS AND DISCUSSION  

 

 Figure 1 shows the variation of the glass transition and nematic-to-isotropic phase 

transition temperatures of the elastomers as a function of magnetic content. Unlike other liquid 

crystalline elastomer composite systems, where the addition of external fillers have little effect 

on the thermal transitions [9,12], it is observed a reduction from 63.3 ± 0.6 to 34.3 ± 0.8 °C for 

the nematic-to-isotropic transition temperature and from -4.5 ± 1.2 to -17.7 ± 1.2 °C for the glass 

transition upon increasing particle loading up to 0.7 wt%. The effect of the nanoparticles in the 

Tg is probably due to repulsive or poor interactions between the particles surface and the polymer 

matrix [13, 14]. On the other hand, the drop in the nematic-to-isotropic transition could be 

attributed to the particles acting as impurities, reducing therefore the liquid crystalline order of 

the material [15]. 

 
 

Figure 1. Phase diagram of the LCEs loaded with oleic acid-coated iron oxide nanoparticles.  

 

The reversible thermal actuation ability of the elastomers is depicted in Figure 2. It is 

observed that the deformation (expansion upon cooling/contraction upon heating) is also 

particle-loading dependent, with a reduction of the relative sample length λ/λ0 at the lowest 

temperature studied, from 1.52 ± 0.03 for the neat LCE to 1.29 ± 0.03 for the highest 

concentration. This can be attributed to a more restricted movement of the mesogenic molecules 

and in consequence to the polymeric chains due to particles occupying free volume within the 

elastomeric matrix. It can also be related to the elasticity of the resultant composite material, and 

how difficult is to deform a system with particles that can act as mechanical reinforcement. It is 

known that for many isotropic polymer composites, the stiffness of the polymeric matrix is 

enhanced by adding inorganic particles which are generally stiffer than the matrix [16]. Figure 3 

shows this reinforcement on the LCEs mechanical properties which are in this case anisotropic. 

The Young’s moduli measured at a same Ttest within the mesophase range, for both directions 

parallel and perpendicular to the principal orientation axis (director), increases once 
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nanoparticles are added and this has been reported for some carbon  nanotubes LCE composites 

in the parallel direction [4, 6]. From Figure 2 it can also be noticed that there is no hysteresis 

between cooling and heating cycles, indicating that the particles are not affecting the reversible 

deformation distinctive of LCEs.  

 

        
 

Figure 2. Relative sample length, λ/λ0, of the elastomers 

as a function of particle loading during cooling (closed 

symbols) and heating (open symbols). [λ0 is the film 

length at the isotropic phase. Dashed lines correspond to 

the values of Tni].  

Figure 3. Young’s moduli of the elastomers 
measured parallel and perpendicular to the 

stretching direction, as a function of particle 

loading. 

 

 

The magneto-induced actuation for a 0.5 wt% nanoparticle loaded LCE is shown in 

Figure 4a. The magnetic LCE can experience reversible contraction/expansions when subjected 

to on/off alternating magnetic field cycles and its behavior persist at least for the observed 5 

cycles (8 min each). The maximum contraction achieved for this particle loading of 0.5 wt %, 

was of approximately 23% when the field strength was about 49 kA/m. The length change 

response is comparable to what has been reported for a similar magnetic LCE, whose maximum 

contractions were of 26% for much higher loadings of 1.64 vol% [9].  

 

         

Figure 4. Magneto-mechanical behavior of the MLCE with 0.5 wt% particle loading subjected to five 

on/off cycles of an alternating magnetic field (a), and effect of magnetic field strengths during the first 

two on/off cycles (b). 

(a) (b) 
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Figure 4b shows the magneto-mechanical actuation behavior as a function of magnetic 

field strength, where the contraction increases with increasing field strength. The actuation 

mechanism as suggested in the literature is possibly due to heat dissipation by the magnetic 

nanoparticles which oscillate when subjected to magnetic fields, thus triggering the deformations 

in the LCE.  The maximum contractions observed in Fig 4b show a linear dependency with field 

strength, which indicates that higher magnetic fields should be able to dissipate heat and induce 

larger deformations. A similar contraction magnitude would be observed if the elastomer 

temperature is increased from 25 to 40 °C as shown in Figure 2. Nevertheless, measurements of 

the temperature of the elastomers when subjected to magnetic fields are still required to 

demonstrate that deformations are due to a particle heat dissipation mechanism.   

CONCLUSIONS  

The inclusion of oleic acid-coated iron oxide nanoparticles yields homogeneous LCEs 

with particle loading-dependent liquid crystal phase transitions, with adjustable thermo-

mechanical properties that can be tailored by changing the amount of particles embedded in the 

elastomeric matrix and with improved mechanical properties or increased stiffness. Also leads to 

LCEs that can be actuated remotely and that reveal reversible expansion/contractions in response 

to external magnetic fields by using lower amount of particles compared to what has been used 

before in the literature. These LCEs hold the promise for applications in actuation, sensing, or as 

smart active substrates, where dynamic changing physical conditions are required. 
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