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We observe the spontaneous shape change of a uniaxially deformed liquid-crystalline elastomer composed of
smectic main-chain liquid-crystalline polyesters in a cyclic heating–cooling process. Although the elastomer
contracts by about 115% on heating up to the isotropic phase, the sample length recovers by 55% on cooling to
room temperature in the first heating–cooling process, and the elastomer exhibits an almost complete reversible
deformation in the second heating–cooling process. By a comparison of the results of sample observation with
those of X-ray analysis, we recognise that the strain � was linearly coupled with the orientational order parameter S.
In addition, the results of the X-ray analysis imply that a cybotactic nematic state, in which smectic clusters lie
scattered in a nematic-like matrix, emerges after exposure to the isotropic phase.

Keywords: cybotactic nematics; elastomers; liquid-crystalline elastomers; liquid-crystalline polymers; polymer

networks; shape memory; smectic clusters; smectic liquid crystals

1. Introduction

Liquid-crystalline elastomers have attracted both

industrial and scientific interest because of their ther-

momechanical properties such as reversible strain

actuation and soft elasticity (1–10). According to

previous studies, the magnitude of deformation of

liquid-crystalline elastomers is determined by cou-

pling with the orientational order of mesogens and

the conformation of polymer chains (11–14). Küpfer
and Finkelmann have reported that a side-chain

liquid-crystalline elastomer spontaneously elongates

up to 40% = ((L–Liso)/Liso · 100) from the isotropic

phase to the nematic phase, although the orienta-

tional order of mesogenic side chains is only indir-

ectly coupled with the chain conformation in them

(12). Here, L is the sample length and Liso is the

length in the isotropic phase. Main-chain liquid-
crystalline elastomers have received increasing atten-

tion recently, because the direct coupling between the

polymeric and mesogenic effects may bring a larger

conformational change, which is expressed as high-

performance thermomechanical behaviour (15, 16).

Several years ago, Finkelmann and Wermter (17, 18)

and Tajbakhsh and Terentjev (19) reported that

nematic elastomers containing main-chain liquid-
crystalline polymers have the remarkable property

of being able to change their shape by up to more

than 200% within a relatively narrow temperature

interval straddling their isotropic–nematic (I–N)

transition temperature.

Although there have been a few investigations on

the reversible shape change of nematic main-chain

liquid-crystalline elastomers, much less work has
been carried out on those of smectics, in spite of their

potentially useful mechanical properties attributable

to their one-dimensional crystalline structure (20, 21).

Recently, Sanchez-Ferrer and Finkelmann have

reported that the tilt angle between the director and

the layer orientation can be changed by the applica-

tion of the mechanical field in smectic-C main-chain

liquid-crystalline elastomers (20). Although their
experimental results indicate a close coupling between

the orientation of mesogens and the polymer confor-

mation in smectic-C main-chain elastomers, the

elastomers exhibited a small reversibility in the defor-

mation in the heating–cooling process; although the

change in length from the smectic phase to the isotro-

pic phase is �Liso = 208%, on cooling from the iso-

tropic phase to the smectic phase, the unloaded sample
only changes its length by �Liso = 11% (see (21)).

Over the past two decades, Watanabe et al. have

systematically studied the thermotropic mesomorphic

properties of main-chain polyesters that are con-

structed by an alternative arrangement of the p,p¢-
bibenzoate unit as a mesogenic group and alkaneldiol

as a flexible spacer (22–25). They reported that a

homologous series of the polyesters, which are desig-
nated BB-n, where n is the number of methylene units

in the diol, invariably forms smectic mesophases (23).

In addition, the emergence of smectic mesophases has
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recently been confirmed in polymer networks com-

posed of BB-n polyesters (25). In this study, we have

prepared uniaxially oriented smectic liquid-crystalline

elastomers composed of BB-n polyesters with trifunc-

tional crosslinkers and reported the deformation

behaviour in a cyclic heating–cooling process, where

successive phase transformations occur. Although the
elastomer contracted by about 115% on heating from

room temperature to the isotropic phase, the sample

length recovered by 55% on cooling to room tempera-

ture in the first heating–cooling process. In addition,

we have observed that once the elastomer was exposed

to the isotropic phase it exhibited reversible shrinkage

and elongation, estimated at about 50%, during

the transformation between the isotropic and liquid-
crystalline phases. Moreover, we have confirmed that

the magnitude of deformation of the elastomers is

linearly coupled with the orientational order para-

meter estimated by X-ray scattering observation.

2. Experimental details

2.1 Materials

An elastomer was synthesised by a melt transesterifi-

cation of dimethyl p,p¢-bibenzoate (1 mol) and a mix-

ture of (S)-methylbutanediol (0.5 mol), hexanediol

(0.5 mol) and 1,2,6- hexanetriol (0.1 mol). The chemi-

cal structures of these compounds are shown in

Figure 1. The elastomer obtained is tentatively desig-

nated as a BB-4(2Me)/6-elastomer in this paper.

Uniaxially ordered networks were obtained by apply-

ing the following multi-stage reaction. After the reac-

tion was carried out at 230�C for 1 hour, the elastomer

film cast was kept at 200�C for 1 hour. Thereafter, the

film was deformed uniaxially by loading it with a stress

of 50 mN mm–2 at 200�C for 24 hours. Here, dimethyl

p,p¢-bibenzoate was used as received from Ihara
Chemical Co., Ltd. (S)-Methylbutanediol, hexanediol

and 1,2,6-hexanetriol were also used as received from

Tokyo Kasei Kougyo Co., Ltd. The liquid-crystalline

elastomer showed the following phase sequence:

g� ð38�CÞ � smectic phase� ð215�CÞ � iso:

The smectic–isotropic transition temperature
listed above was determined by differential scanning

calorimetry (DSC) measurement (Seiko, SSC-500),

which was carried out between room temperature

and 270�C at a heating rate of 5�C min-1. The smectic

structure was confirmed by X-ray observation.

2.2 X-ray measurement

The molecular alignment of the elastomer was

observed by X-ray measurement with a rotating

anode X-ray system using a Cu-K� beam filtered by

a confocal mirror (� = 1.54 Å, X-ray power = 2.7 kW).

The measurement was performed using a two-dimen-

sional image plate system (2540 · 2540 pixels, 50 �m

resolution). The distance between the sample and

the image plate was 100 mm. The sample was mounted
in a microfurnace (Mettler, FP82HT), and a

Figure 1. The system under investigation.
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temperature-dependent X-ray measurement was car-

ried out. The X-ray scattered on the x–z plane was

measured after maintaining the measuring tempera-

ture for at least 10 min.

3. Results and discussion

We have observed the spontaneous shape change of

the uniaxially deformed elastomer in a cyclic heating–

cooling process between room temperature and the

isotropic phase. Figure 2 shows photographs taken

at room temperature and 230�C (isotropic phase) in
the cyclic heating–cooling process. Here, the upper

end of the elastomer is fixed to a sample holder,

while the lower end is allowed to move freely. As

mentioned in Section 2, the elastomer was uniaxially

deformed parallel to the z-direction during the sample

preparation. By comparing the photograph taken at

room temperature (Figure 2(a)) with that in the iso-

tropic phase (Figure 2(b)), we recognise that the elas-
tomer shrinks in the heating process. As the elastomer

spontaneously elongates in the cooling process after

exposure to the isotropic state, the sample in

Figure 2(c) becomes longer than that in Figure 2(b).

In addition, shrinkage and elongation are also con-

firmed in the second heating–cooling process shown in

Figures 2(c)– (e).

To estimate the magnitude of shape change, the
strain �= L/Liso is plotted as a function of temperature

in Figure 3. Here, the sample length L is defined as the

distance between polyimide tapes, as depicted in

Figure 2(a), and Liso corresponds to the length in the

isotropic phase. Here �, which is estimated at 2.15 in

the initial state of the elastomer at room temperature

(arrow A in Figure 3), slightly decreases with increas-

ing temperature in the temperature region of the smec-
tic phase until about 200�C. For further increases in

temperature, the elastomer shrinks rapidly because of

the smectic–isotropic transition at about 220�C, while

sample length is almost independent of temperature in

the isotropic phase above 230�C. In the cooling pro-

cess (open squares), a rapid elongation occurs during

the isotropic–smectic phase transformation at about

220�C, and then � slightly increases with further

decreases in temperature and reaches 1.55 at room

temperature (see arrow B). We should point out that

sample length does not revert to its initial value after

the first heating–cooling process.

Let us trace the change in � in the second heating–

cooling process in order to investigate the deformation

behaviour of the elastomer exposed once in the iso-
tropic phase. Here, � in the second heating (filled

triangles) follows a pass in the first cooling (open

squares) in the temperature region observed. In the

second cooling (open triangles), the elastomer elon-

gates almost similarly to that in the first cooling, and

then � reaches 1.47 at room temperature. As 1.47

corresponds to 95% of the sample length before the

second heating–cooling process (� = 1.55), we may say
that the smectic main-chain elastomer exhibits an

almost completely reversible deformation in the sec-

ond heating–cooling process.

To investigate molecular reorientation during the

spontaneous deformation of the elastomer, we carried

out a temperature-dependent X-ray measurement. An

X-ray scattering pattern of the elastomer in the initial

state at room temperature is shown in Figure 4(a), in
which two characteristic reflections exist. Wide-angle

reflection is associated with the molecular arrange-

ment of the mesogenic side groups within smectic

layers (arrow 1), and small-angle reflection is due to

the smectic layers (arrow 2). The reflection at a wide

angle, located near the equator, indicates the liquid-

like arrangements of the macroscopic mesogens

aligned macroscopically uniformly in the direction of
the mechanical field parallel to the z-axis in

Figure 4(a). An azimuthal intensity profile, which is

achieved by scanning X-ray intensity, as displayed

along the angle � (see Figure 4(a)), is shown in

Figure 4(b). Since the wide-angle profile is well fitted

to the Gauss distribution (see the solid line indicated

by arrow 1 in Figure 4(b)), we are able to estimate the

macroscopic order parameter S = (1/2),3 cos2 �i - 1.

= 0.75 (see (26)). Here, �i is the angle between each

molecular axis and the director. The azimuthal profile

of the small-angle reflection (arrow 2 in Figure 4(b))

Figure 2. Photographs of uniaxially deformed smectic main-chain liquid-crystalline elastomer in a cyclic heating–cooling
process.
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indicates two maxima at the meridian position (at 180�

and 360�), because the layer normal is parallel to the

orientational director that describes the average direc-

tion of mesogens. The layer spacing, which can be

estimated at about 17.8 Å on the basis of the radial

intensity profile in Figure 4(c), was almost indepen-
dent of temperature up to the smectic–isotropic transi-

tion temperature of 220�C. In addition, only a halo

was observed in the X-ray pattern of the isotropic

phase; no orientation was confirmed in the azimuthal

profile.

Figure 5(a) shows an X-ray pattern of the elasto-

mer after exposure to the isotropic phase. The X-ray

pattern was taken at room temperature after cooling
from the isotropic phase. Similarly to those observed

in Figure 4(a), two characteristic reflections, namely

the wide-angle reflection associated with the meso-

genic side groups (arrow 1) and the small-angle reflec-

tion due to the smectic layers (arrow 2), are

recognised. The azimuthal profile of the wide-angle

reflection (arrow 1 in Figure 5(b)), in which two max-

ima are recognised at the equator position (at 90� and
270�), reveals that the mesogens are averagely reor-

iented parallel to the z-direction, namely, the direction

of the uniaxially mechanical field during sample pre-

paration. Fitting the profile to a Gaussian distribution

(the solid line indicated by arrow 1 in Figure 5(b)), the

order parameter S is estimated at 0.45. In other words,

the average direction of the mesogens, namely, the

direction of the director, is memorised even after expo-
sure to the isotropic phase, although S does not reach

its initial value of 0.75.

In order to estimate the change in molecular reor-

ientation with varying temperature, the order para-

meter S is plotted as a function of temperature in

Figure 6. Although S, which was estimated at 0.75 in
the initial state at room temperature (arrow A in

Figure 6), slightly decreases with increasing tempera-

ture in the smectic phase, it rapidly decreases at about

220�C where the transformation from the smectic

phase to the isotropic phase occurs. In the first cooling

(open squares), the order parameter S rapidly

Figure 4. X-ray investigation of the uniaxially deformed
smectic main-chain liquid-crystalline elastomer at room
temperature: (a) X-ray scattering pattern; (b) azimuthal
intensity profile; and (c) radial intensity profile.

Figure 3. Temperature dependence of strain � = L/Liso of
the uniaxially deformed smectic main-chain liquid-
crystalline elastomer.
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increases during the isotropic–smectic transformation
at about 220�C. With further decrease in temperature,

S slightly increases and reaches 0.45 at room tempera-

ture. The order parameter after exposure to the iso-

tropic phase, namely, S = 0.45, is apparently lower

than that in the initial state, because the order of

orientation only partially recovers. In the second heat-

ing–cooling process, a rapid change in S is also

observed during the smectic–isotropic (isotropic–
smectic) transformation, and S slightly decreases

(increases) with increasing (decreasing) temperature

in the smectic temperature region. Note that S reverts

to 0.45 after the second heating–cooling process (filled

and open triangles). We may say that once the elasto-

mer is exposed in the isotropic phase it acquires an
almost complete reversibility in the orientational order

of mesogens as well as in macroscopic deformation

with varying temperature. By comparing the tempera-

ture dependence of the order parameter S (Figure 6)

with that of the strain � (Figure 3), we recognise that

the change in S is closely associated with the magni-

tude of macroscopic deformation described by � in the

cyclic heating–cooling process. To quantitatively
investigate the relationship between � and S, � is

plotted as a function of S in Figure 7. We recognise

the linear relationship (S = 0.52�� – 0.34) between

them similarly to those in previous reports dealing

with the deformation of nematic elastomers (11, 12,

17–19). The linear relationship means that the shape

change of the elastomer is coupled with the change in

the orientational order of mesogens, which confirms
the theoretical predictions in previous studies (27, 28).

Let us return to the results of the X-ray analysis in

Figures 4 and 5 to discuss the realignment of the layer

structure in the cyclic heating–cooling process. The

results of the X-ray analysis of the initial state of the

uniaxially deformed elastomer (see arrow 2 in

Figures 4(a) and (b)) indicate that both the director

(average direction of mesogens) and the layer normal
are parallel to the z-axis corresponding to the uniaxi-

ally mechanical field of sample preparation. As the

smectic structure appears in cooling from the isotropic

phase, the layer reflection can be recognised in the

radial intensity profile, as indicated by arrow 2 in

Figure 5. X-ray investigation of smectic main-chain liquid-
crystalline elastomer after exposure to the isotropic phase:
(a) X-ray scattering pattern at room temperature; (b)
azimuthal intensity profile; and (c) radial intensity profile.

Figure 6. Temperature dependence of orientational order
parameter S in cyclic heating–cooling process.
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Figure 5(c). We should note that the azimuthal profile

of the layer reflection of the elastomer once exposed to

the isotropic phase is almost independent of the azi-

muthal angle, because the smectic layers are not

oriented (arrow 2 in Figure 5(b)). As for the wide-

angle reflection, however, the azimuthal profile

(arrow 1 in Figure 5(b)) has indicated that the
mesogens are averagely reoriented parallel to the

z-direction, as we have mentioned above, because the

uniaxial direction of mesogens is averagely mem-

orised even after exposure to the isotropic phase.

The contradiction between the layer alignment and

the mesogenic orientation implies that non-oriented

smectic layers and uniaxially oriented mesogens coex-

ist. To explain the contradiction, we speculate a
cybotactic nematic state in which smectic clusters lie

scattered in a uniaxially oriented nematic-like matrix

(see Figure 9(c) below) (29–32).

By comparing of the radial intensity profile in the

initial state at room temperature (Figure 4(c)) with

that after exposure to the isotropic phase

(Figure 5(c)), we recognise the peak intensity ratio

� = I2 / I1, where I2 is the intensity of layer reflection
at small angle and I1 is that of mesogenic reflection at

wide angle, drastically decreases following exposure to

the isotropic phase. Here, the intensity was calculated

using the peak area. The decrease of � indicates that

the layer structure in the initial state is partially

transformed into a nematic-like structure, which

implies the emergence of the cybotactic nematic

state. To investigate the structural change in the

heating–cooling process, � is plotted as a function of

temperature in Figure 8. Although �, which was esti-

mated at about 2.1 in the initial state at room tempera-

ture, slightly decreases and reaches 1.4 at 210�C in the
first heating process, for further increases in tempera-

ture, � cannot be estimated above 220�C because of

the smectic–isotropic transition. In the cooling pro-

cess, the X-ray reflection peaks appear through the

isotropic–smectic phase transition, and � is estimated

at about 0.66 just below the transition temperature. As

the cybotactic nematic state emerges, as mentioned

above, the value of � falls to less than half of that
measured before exposure to the isotropic phase. In

addition, � is almost independent of temperature in

cooling, and it reaches about 0.62 at room

temperature.

Consequently, let us illustrate the shape changes of

the elastomer, namely, shrinkage and elongation,

from the aspect of molecular reorientation in

Figure 9 for further consideration of the spontaneous
and reversible deformation of the elastomer. Figure 9(a)

shows the molecular alignment in the initial state of

the uniaxially deformed elastomer corresponding to

the results of the X-ray analysis in Figure 4. Here,

both the mesogens and the layer normal are uniaxi-

ally oriented parallel to the z-axis owing to the

uniaxially mechanical field in sample preparation.

As depicted in Figure 9(b), however, each orienta-
tional order almost disappears during the smectic–

isotropic transformation, and sample shrinkage

occurs simultaneously.

Figure 7. Relationship between orientational order parameter
S and strain � = L / Liso of uniaxially deformed smectic main-
chain liquid-crystalline elastomer. Measurements were carried
out in a cyclic heating–cooling process.

Figure 8. Temperature dependence of peak intensity ratio �
= I2 / I1, where I2 is the intensity of layer reflection and I1 is
that of mesogenic reflection.
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In addition, sample elongation and an increase in

the orientational order parameter S occur simulta-

neously in the first cooling from the isotropic phase to

room temperature, although the sample length as well

as the order parameter incompletely revert to the initial

state. The X-ray pattern after the exposure to the iso-
tropic state (Figure 5) indicates the coexistence of uni-

axially oriented mesogens and non-oriented layers.

Accordingly, we have speculated about the emergence

of a cybotactic nematic state in which smectic clusters

lie scattered in a uniaxially oriented nematic-like

matrix, as depicted in Figure 9(c). As we have seen,

the results of X-ray analysis and sample observation

in the second heating–cooling process imply the mole-
cular reorientation between Figures 9(b) and (c) is

almost reversible. Owing to the linear coupling between

the orientational order of mesogens, S, and the strain of

the sample, �, in Figure 7, we may say that it is not non-

oriented smectic clusters but a uniaxially oriented

nematic-like matrix that contributes to the reversible

deformation of the elastomer. At present, we do not

have sufficient information for further discussing the
emergence of the cybotactic nematic state and its prop-

erties. In the meantime, we proceed to perform further

experiments on the thermoelastic response as well as on

the thermodynamic measurements of the smectic main-

chain elastomers and hope to answer a number of

questions about the emergence of the cybotactic

nematic state. We will provide experimental details to

confirm our hypothesis in the near future.

4. Conclusion

We have studied the shape change and molecular reor-

ientation of a main-chain liquid-crystalline elastomer,

which is composed of smectic main-chain liquid-

crystalline polyesters, in a cyclic heating–cooling

process where the smectic–isotropic (isotropic–smectic)

phase transformation occurs. The sample used was a

uniaxially oriented liquid-crystalline elastomer, which

was obtained by uniaxial deformation during crosslink-

ing. We observed spontaneous shape changes, namely,

shrinkage and elongation, of the elastomer with varying
temperature in the cyclic heating–cooling process. In

the first heating–cooling process, the elastomer con-

tracted by about 115% = ((L – Liso)/Liso · 100) on

heating up to the isotropic phase, although the sample

length recovered by only 55% on cooling to room tem-

perature. In the second heating–cooling process, how-

ever, the elastomer exhibited an almost completely

reversible deformation, in which the elastomer con-
tracted and elongated by about 47–55%. As the macro-

scopic deformation of the elastomer resulted from the

change in the orientational order of mesogens, the

strain � = L/Liso was linearly coupled with the orienta-

tional order parameter S. From the results of the X-ray

analysis, which disclosed the coexistence of uniaxially

oriented mesogens with non-oriented layers, we specu-

lated that a cybotactic nematic state, in which smectic
clusters lie scattered in a nematic-like matrix, emerged

after exposure to the isotropic phase.
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