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ABSTRACT
Materials exhibiting a large caloric effect could lead to the development of a new generation of 
heat-management technologies that will have better energy efficiency and be potentially more 
environmentally friendly. The focus of caloric materials investigations has shifted recently from 
solid-state materials towards soft materials, such as liquid crystals and liquid crystalline elastomers. 
It has been shown recently that a large electrocaloric effect exceeding 6 K can be observed in 
smectic liquid crystals. Here, we report on a significant elastocaloric response observed by direct 
elastocaloric measurements in main-chain liquid crystal elastomers. It is demonstrated that the 
character of the nematic to paranematic=isotropic transition can be tuned from the supercritical 
regime towards the first-order regime, by decreasing the density of crosslinkers. In the latter case, 
the latent heat additionally enhances the elastocaloric response. Our results indicate that 
a significant elastocaloric response is present in main-chain liquid crystalline elastomers, driven 
by stress fields much smaller than in solid elastocaloric materials. Therefore, elastocaloric soft 
materials can potentially play a significant role as active cooling/heating elements in the devel-
opment of new heat-management devices.

ARTICLE HISTORY 
Received 12 May 2020  
Accepted 18 June 2020 

KEYWORDS 
Elastocaloric; liquid crystal 
elastomers; caloric materials; 
solid-state cooling

1. Introduction

Caloric effects, such as magnetocaloric, electrocaloric, 
or elastocaloric [1–3], are related to a reversible tem-
perature change ΔT in a material upon applying or 

removing the external field under adiabatic conditions. 
Usually, this switching process is rapid enough so that 
a negligible amount of heat is exchanged between the 
caloric material and the thermal bath. Recently, a revival 
of studies of the electrocaloric (ECE) and elastocaloric 
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(eCE) effects took place due to the revelation of giant 
ECE response [3–9] in dielectric materials such as ferro-
electrics and antiferroelectrics, as well as giant eCE 
response in shape memory alloys and natural rubbers 
[10–13]. Recent findings indicate that caloric effects 
have great potential for numerous heat-management 
applications, particularly in heating=cooling and heat 
waste recovery devices [1,3,6,14–16]. These new heat- 
management technologies are expected to provide for 
an efficient alternative to conventional applications 
based on the mechanical vapour compression cycle or 
thermoelectrics. Specifically, ECE based devices have the 
potential for miniaturisation that can lead to the devel-
opment of efficient cooling mechanisms in microelec-
tronics. Furthermore, in contrast to the existing cooling 
technologies, which predominantly rely on environ-
mentally dangerous gases or liquids, new caloric-based 
cooling devices should be environmentally much 
friendlier [14,17,18].

Some proof-of-concept cooling devices based on 
ECE solid-state materials, have already been developed, 
however, suffering from a rather low power density, due 
to the relatively large electrocaloric inactive regenerator 
mass [11,15]. The idea to replace the electrocaloric- 
inactive fluid regenerator with the electrocaloric-active 
dielectric fluid is driving investigations of ECE in 
nematic and smectic liquid crystals, where the nematic 
order parameter is coupled to the electric field via the 
dielectric anisotropy [19]. It has been shown recently 
that in nematic, smectic liquid crystals nCB, 
a significant ECE exceeding 6 K can be observed at 
a rather moderate electric field change of 12–80 kV/cm 
[19,20]. For all the cases, the highest electrocaloric 
response was found at the phase transition from the 
ordered to the disordered phase accompanied by 
a large latent heat. Some problems with fatigue and 
Joule heating in ECE materials, as well as observation 
of giant elastocaloric response exceeding 40 K in shape 
memory alloys, have recently focused the attention 
towards mechanocaloric materials exhibiting the elasto-
caloric or barocaloric effect [2,10–13].

In elastocaloric materials, the stress field is coupled 
with the strain field. The highest elastocaloric response 
of 40 K was observed so far in Ni50:2Ti49:8 shape memory 
alloy wires at an applied stress of 0.8 GPa [2,10]. 
However, rather complicated experimental setups are 
needed to achieve such relatively large stress fields. 
This makes the miniaturisation of elastocaloric cooling 
devices a rather complicated task. Recently, alternative 
elastocaloric materials, in which an order-of-magnitude 
smaller stress field still results in sizeable entropy 
changes [19], were found among soft materials, specifi-
cally in liquid crystalline elastomers (LCEs) that also 

exhibit giant thermomechanical response [21]. Two 
types of LCEs are commonly produced. In side-chain 
LCEs (SC-LCEs), mesogens are side-attached to poly-
mer chains of the polymer network, which is elastically 
stabilised by crosslinking molecules (crosslinkers) 
[21,22]. In main-chain LCEs (MC-LCEs), mesogens 
are themselves components of polymer chains, and as 
such they form the polymer network [21,22]. In both 
cases, mesogens contribute the major share of the total 
LCE mass [21,22].

Both types of LCEs are prepared via a two-stage 
crosslinking process, in which partially crosslinked 
LCEs are stretched by an external stress field. 
Mesogens are thus forced into the nematic order. The 
internal stress field is memorised by the network during 
the second crosslinking stage [22,23]. A direct conse-
quence of the imprinted stress memory is a large ther-
momechanical effect that results, by changing the 
temperature, in strains exceeding 400% in MC-LCEs 
[21–24]. Recently, it has been demonstrated that ther-
momechanical response in both SC-LCEs and MC- 
LCEs can be tailored from on-off temperature profile 
to sluggish or continuous profile via changing the cross-
linkers’ density [21,25,26]. Lowering the density of 
crosslinkers yields a material with sharp, first-order 
type nematic transition. In contrast, increasing the den-
sity of crosslinkers above a critical value drives the 
nematic transition above the critical point, to the super-
critical regime, with a thermomechanical response 
extended to a broad temperature interval [25–27]. 
Since, in LCEs, the external stress field is also coupled 
to the nematic order parameter, a significant elastoca-
loric response is anticipated [19]. It was shown recently 
that in main-chain LCEs an elastocaloric effect of ΔTeCE 
= 0.4 K could be observed already at a moderate stress 
field of σ ¼ 0:13 MPa, thus demonstrating very large 
elastocaloric responsivity ΔTeCE=σ= 4 K=MPa [19]. 
These initial experimental investigations of caloric 
effects in LCEs [19] have been followed by a recent 
molecular computer simulation study [28], suggesting 
that the elastocaloric temperature change and respon-
sivity observed so far in real experiments could be sub-
stantially improved.

In this work, we will address the elastocaloric effect in 
main-chain LCEs by direct experimental methods and 
molecular simulation. One possibility to enhance the 
elastocaloric response is by increasing the latent heat 
released at the nematic-isotropic phase transition or by 
making the transition sharper. Similarly, as in the case 
of thermomechanical response, this could be achieved 
by tuning the character of the nematic phase transition, 
from a continuous towards a sharp first-order type, by 
reducing the density of crosslinkers. After the 
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experimental section, the results of Monte Carlo (MC) 
molecular simulations, thermomechanical response, 
and the direct elastocaloric measurements of the elasto-
caloric effect in main-chain LCEs will be discussed. 
Here, we intend to look for qualitative rather than 
quantitative agreement between MC simulations and 
experiments. In the final section, the summary of the 
above results and discussion in terms of their technolo-
gical importance will be given.

2. Sample preparation procedures and 
experimental

Elastocaloric effect was studied in three samples of main- 
chain liquid crystal elastomers, with respective crosslin-
kers’ concentration of ρ ¼ 0.05, 0.08, and 0.10. Here ρ 
represents the coverage of active chain groups of the 
polymer backbone [25]. Specimens were prepared 
employing the conventional two-step Finkelmann proce-
dure [22]. 1,1,3,3Tetramethyldisiloxane was used as 
a chain extender, 2,4,6,8,10 Pentamethylcyclopentasil 
oxane as a crosslinker. The chemical structure of 
a mesogen is shown in Figure 1. Toluene and solution 
of dichloro(1,5cyclooctadiene)platinum(II) in dichloro-
methane were used as a solvent and catalyst, respectively. 
The second crosslinking step was carried out in the 
nematic state at about 343 K. The internal stress locked- 
in during this step resulted in a thermomechanical 
response of more than 100%. More details about sample 
preparation can be found in Refs [21,22,24].

Mechanical testing played a significant role in the 
characterisation of our MC-LCE specimen. Therefore, 
experiments were carried out with a homemade extens-
ometer, using two regimes: (i) heating and cooling of the 
sample under constant force=stress and (ii) stress-strain 
experiment at constant temperature. The former tech-
nique allowed for the characterisation of the thermo-
mechanical response, i.e. for the determination of the 
relative strain λ vs. T dependence, 

λðTÞ ¼
lðTÞ � l0

l0
� 100%: (1) 

Here, lðTÞ denotes the strain at given temperature T, and 
l0 ¼ lð430KÞ denotes the reference strain well above the 

nematic transition where lðTÞ stabilises at a low-value 
characteristic of an isotropic phase. The latter technique 
enables characterisation of the strain-stress response at 
constant temperature and in a modified version in which 
the sample’s temperature is additionally measured, it 
allows direct determination of eCE.

The eCE was evaluated by direct elastocaloric measure-
ments. A sample of typical 15� 3� 0.3 mm3 geometry 
was mounted into a homemade elastocaloric measurement 
setup, composed of a stress sensor, a temperature- 
stabilised Copper sample-chamber, and a precise step 
motor-driven translator, equipped with encoder providing 
for translation, equivalently strain, reading [19,24]. The 
variation of the sample’s temperature during elastocaloric 
measurements was monitored by a small-bead thermistor, 
attached directly to the sample [19].

Our molecular simulations mainly follow the meth-
odology presented in Ref. [28]. In the simulation, meso-
genic units are represented by uniaxial ellipsoidal 
particles interacting via the soft-core Gay-Berne (GB) 
potential [29,30]. The model elastomeric main-chain 
network was grown at low density by somewhat mod-
ifying the ‘isotropic genesis’ procedure [31] to induce an 
orientational bias for the polymer chains (like in the so- 
called Finkelmann two-step crosslinking procedure 
[22]) to reliably obtain well-oriented monodomain 
LCE samples in the nematic phase. The inter-particle 
bonds within the elastomer network were modelled by 
the finitely extensible nonlinear elastic (FENE) potential 
[32], applied both to bond stretching and bending. 
A limited number of tri-functional ellipsoids served as 
crosslinkers; in our simulations, samples with approx. 
8% and 12% of crosslinker content were considered. 
After adding the additional swelling ellipsoids (50 vol. 
%) to enhance MC equilibration, the sample was iso-
tropically compressed nearly to close-packing. In total, 
there were 64,000 GB ellipsoids in each sample, with 
periodic boundary conditions mimicking a larger bulk 
system. The equilibrium configurations were found by 
performing large-scale iso-stress Monte Carlo simula-
tions following a modified Metropolis algorithm 
wherein both temperature (T) and external stress (σ) 
are fixed [33]. For more details, see Ref. [28] and the 
references therein.

Figure 1. Chemical formula of the mesogenic molecule used in MC-LCEs.
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3. Results and discussion

By now, it is very well established that the caloric effects 
can be greatly enhanced by increasing the latent heat 
released or absorbed at the first-order phase transition 
induced by the external field during the caloric experi-
ment [1,3,16]. Besides solid materials, such enhancement 
was recently demonstrated also for soft materials, i.e., 
smectic liquid crystals in which most of the electrocaloric 
effect exceeding 6 K can be attributed to the latent heat of 
the electric-field-induced isotropic-smectic A phase tran-
sition [19,20]. Similarly to solid ferroelectrics [34–36], 
a critical point can also be found in LCEs [21,25,26], 
with the useful regime of first-order transition restricted 
to the range below the critical point in the temperature- 
stress field phase diagram. Above the critical point, in the 
supercritical regime, there is only a nematic-paranematic 
conversion within a broad temperature interval, without 
the latent heat, with a strongly suppressed magnitude of 
the elastocaloric effect. Most of the synthesised LCEs are 
usually found to exhibit supercritical behaviour. 
Therefore, it is important to find the conditions in 
which the first-order nature of the nematic phase transi-
tion is promoted. It has been shown before that the 
magnitude of the imprinted stress field can be controlled 
by the density of crosslinkers in both SC-LCEs and MC- 
LCEs [25–27]. Here, we substantiate this finding by addi-
tional measurements of the thermomechanical response, 
complementing them with MC simulations.

3.1. Monte Carlo simulations and the 
thermomechanical response

Figure 2 shows the average reduced sample side length 
(λ) along the imposed orientational bias direction (and, 
accordingly, the nematic director) as a function of 
reduced temperature (T�) for two different crosslinking 
densities, 0.08 and 0.12.

Here, T� is defined by T� ¼ kBT=ε, where T denotes 
the absolute temperature and ε is a characteristic Gay- 
Berne interaction energy [30] related to the depth of the 
attractive potential well. The less densely crosslinked 
sample presents a slightly lower nematic-isotropic transi-
tion temperature and a steeper temperature dependence 
of λ near the nematic-isotropic phase transition in com-
parison with its more densely crosslinked counterpart.

Now, the elastocaloric response is dominated by the 
absolute value of the derivative ð@λ=@T�Þσ [25–28], i.e., 
higher slopes result in a more pronounced response. 
Besides, a steeper slope may also indicate that the transi-
tion moves towards the first order regime below the 
critical point in agreement with early experiments 
[25,26]. It should be noted that the above qualitative 

finding of MC simulations is in agreement with direct 
measurements of the thermomechanical response in MC- 
LCEs at two different crosslinking densities of ρ ¼ 0.08 
and 0.10 shown in Figure 3. Here, Figure 3 depicts the 
λðTÞ of the samples’ first cooling run. Annealing of the 
samples, which removes all internal stresses, took place 
already during the first heating run. The rate of cooling 
from 430 K down to 300 K was 0.2 K/min. Both the 
magnitude and the steepness of the temperature depen-
dence of the thermomechanical response are increased 
with decreasing crosslinkers density, in good agreement 
with MC simulations. The measured and the simulated 
thermomechanical behaviour, therefore, suggest that the 
samples with lower crosslinking densities are expected to 

Figure 2. (Colour online) Reduced sample length λ as a function 
of the reduced temperature T� for two crosslinkers densities 0.08 
and 0.12, as obtained from MC simulations.

Figure 3. (Colour online) λðTÞ as a function of the temperature T 
directly measured in MC-LCEs for two crosslinkers densities 
ρ ¼ 0.08 and 0.10.
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give better elastocaloric benchmarks due to the larger 
absolute value of the derivative ð@λ=@T�Þσ and the pos-
sibility to drive the transition towards the first-order 
nature with the latent heat. To test experimentally this 
finding, the elastocaloric response is directly measured on 
MC-LCE, starting with the lowest available crosslinking 
density of 0.05, and results are presented in the next 
subsection.

3.2. Elastocaloric response

Temperature dependences of the eCE temperature 
change ΔTeC for MC-LCE of ρ = 0.05 at selected relative 
strains Δl=l in the vicinity of the isotropic to nematic 
phase transition are shown in Figure 4. As anticipated, 
the maximum elastocaloric response is achieved near 
the phase transition taking place at about 397.5 K for an 
unstretched sample (Δl=l ¼ 0). On stretching the sam-
ples (Δl=l� 0), the maximum of ΔTeC is slightly shifted 
to higher temperatures with increasing applied stress 
field. To preserve the samples and not to exceed the 
breakdown field, relative strains Δl=l were kept below 
1. Nevertheless, ΔTeC � 1 K was observed at a relative 
strain of Δl=l ¼ 0.9. Similar temperature profiles were 
also found in MC-LCE samples of higher crosslinker 
compositions, i.e., for ρ = 0.08 and 0.10.

Since the same value of the relative strain Δl=l corre-
sponds to different stress field magnitudes in MC-LCE 
samples of different crosslinker densities, we instead 
compare the stress-field dependence of the maximum 
elastocaloric values observed at the temperature, pre-
cisely the one corresponding to the isotropic-nematic 
phase transition at the given stress value. Figure 5a 
shows the elastocaloric temperature change ΔTeC and 

the specific entropy change ΔseC in MC-LCE with 
ρ = 0.05, 0.08, and 0.10 as a function of stress change 
Δσ. Specific entropy change ΔseC is calculated by scaling 
the total measured eC entropy change ΔseC ¼

ΔSeC=m ¼ cpΔTeC=T by the mass of the sample m [3]. 
Here, cp � 2:2 J/gK represents the specific heat of MC- 
LCEs measured separately. A slight nonlinearity in the 
elastocaloric response vs. stress field is observed, simi-
larly as in the earlier observations in MC-LCE [19]. It 
should be noted that, on decreasing the crosslinker 
density, the elastocaloric response increases significantly 
for a fixed stress field, in agreement with MC simulation 
predictions. This behaviour can also be observed in 
Figure 5b depicting elastocaloric responsivity as 
a function of the stress field. Even for a relatively small 

Figure 4. (Colour online) The eCE temperature change ΔTeC in 
MC-LCE of ρ = 0.05 as a function of temperature for several 
relative strains Δl=l.

Figure 5. (Colour online) (a) The elastocaloric temperature 
change ΔTeC and the elastocaloric specific entropy change ΔseC 

in MC-LCE of ρ = 0.05, 0.08 and 0.10 as a function of stress-field 
change Δσ. (b) Elastocaloric responsivity ΔTeC=Δσ in MC-LCE of 
ρ = 0.05, 0.08 and 0.10 as a function of stress-field change Δσ.
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stress field of 0.17 MPa, ΔTeC ¼ 1.02 K was found in the 
MC-LCE sample with ρ = 0.08. Here, a higher stress field 
was achieved than in the even more eCE responsive 
sample of ρ = 0.05 for which the maximal relative strain 
was limited to 0.9 yielding thus a somewhat lower ΔTeC.

The observed values of ΔTeC are more than one order 
of magnitude smaller than those observed in the best 
solid elastocaloric materials. However, in the case of 
LCEs, a nearly four orders of magnitude smaller stress 
fields were used. Taking into account the fact that in 
some liquid crystalline materials large latent heat of the 
nematic transition [19,20] gives rise to large electroca-
loric effect exceeding 6 K, and the fact that main-chain 
LCEs could be optimised for their strains to exceed 
400%, it is plausible to expect elastocaloric response of 
more than 5 K in properly functionalised MC-LCE 
materials. It should as well be noted that the specific 
heat of MC-LCEs is typically six times larger than that of 
solid-state alloy materials, giving nearly the same energy 
change per cooling cycle as in alloys with correspond-
ingly larger ΔTeC. For application, the ability of caloric 
material to quickly exchange the heat is also essential. 
Although generally organic materials are poor thermal 
conductors, the thermal conductivity of LCEs ranging 
from 0.3 to 1 Wm� 1K� 1 is similar to that ( � 1 
Wm� 1K� 1) found in ferroelectric ceramics with large 
electrocaloric effect such as lead magnesium niobate – 
lead titanate (PMN-PT) or lead lanthanum zirconate 
titanate (PLZT) ceramics [1–3]. In contrast to ferro-
electric ceramics, the thermal conductivity of LCEs can 
be enhanced by almost an order of magnitude by the 
addition of metallic nanoparticles or liquid metal inclu-
sions [35].

Moreover, the maximum value of the elastocaloric 
responsivity ΔTeC=Δσ = 25 K/MPa, observed in MC- 
LCE of ρ = 0.05, is more than two orders of magnitude 
larger than the average elastocaloric responsivity of �
0.04 K/MPa found in best shape memory alloys [2]. All 
this makes MC-LCEs with low crosslinking densities 
and large latent heat highly promising candidates for 
the soft elastocaloric materials with large elastocaloric 
response.

4. Conclusions

In conclusion, we have investigated, by direct experi-
ments and Monte Carlo simulations, the elastocaloric 
effect in main-chain liquid crystal elastomers of differ-
ent crosslinking compositions. By comparing numerical 
predictions of Monte-Carlo simulations and experimen-
tal results, we showed that the density of crosslinkers 
can tailor the magnitude of the elastocaloric response, 

by shifting the character of the nematic transition from 
the smeared supercritical towards the sharper (first- 
order like) type. The existence of a sizeable elastocaloric 
effect exceeding 1 K is demonstrated in main-chain 
liquid crystal elastomers, with a more than two orders 
of magnitude larger elastocaloric responsivity ΔTeC=Δσ 
= 25 K/MPa than that found in shape memory alloys 
champions. It is argued that in MC-LCEs with large 
latent heat and large strains exceeding 400%, it should 
be possible to achieve elastocaloric responses of more 
than 5 K, which, together with the large specific heat of 
MC-LCEs, could provide nearly the same energy change 
per cooling cycle as other caloric materials.
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