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ABSTRACT: Mechanical, optical, and electromechanical investigations were performed on a series of induced 
cholesteric elastomers. These elastomers are swollen with a chiral low molar mass liquid crystal and exhibit 
a mechanical coupling coefficient U that is of the same order of magnitude as that for nonswollen nematic 
elastomers. Above a certain threshold deformation, a macroscopically uniform orientation of the mesogenic 
side groups is achieved, with the helicoidal axis oriented parallel to  the compression axis. Above this threshold 
deformation, the helicoidal pitch affinely deforms with elastomer compression. This deformation of the 
helicoidal superstructure is a basic requirement for piezoelectricity in cholesteric elastomers. Above a threshold 
deformation electromechanical investigations find a linear relation between voltage and deformation. While 
the direction of polarization of the elastomer with respect to the helicoidal axis is affected by the surface 
geometry, the absolute value of the effect remains unchanged. Under a given sample geometry a change of 
the handedness of the cholesteric helix and investigations with the corresponding nonchiral system prove 
that only piezoelectricity occurs. Other electromechanic effects like flexoelectricity or electrostriction are 
negligible. Temperature-dependent measurements find a linear relation between the piezoelectric coefficient 
and the cholesteric order parameter. Furthermore, the piezoelectric coefficient scales with the reciprocal 
pitch of the cholesteric elastomers. 

1. Introduction 
In 1880 Curie' discovered that a mechanical deformation 

of certain crystals causes an electric charge at the surface 
of these crystals. This effect, called piezoelectricity, is 
characterized by a linear relation between deformation 
and electric voltage. Today many applications such as 
sensors, mechanoelectric or acoustoelectric transducers 
are known for piezoelectric materials. 

Piezoelectricity can only be observed in materials having 
a noncentrosymmetrical structure and elastic properties. 
Both properties can be found in crystalline materials, the 
most famous being quartz. 

Previous investigations on cholesteric elastomers indi- 
cated that uniaxial compression parallel to the helicoidal 
axis of the cholesteric structure leads to a compression of 
the helix. Simultaneously an electric charge at the surface 
of the elastomer is observed. Actually, there exists a linear 
relationship between deformation of the sample and the 
electric voltage that resembles piezoelectri~ity.~?~ Due to 
the symmetry of the cholesteric phase, however, this effect 
is not expected under uniaxial compression. The helicoidal 
axis and the local nematic director are nonpolar, yielding 
twofold symmetry axes normal to the helicoidal axis. Under 
these symmetry conditions piezoelectricity is only expected 
for shear deformations but not uniaxial deformation 
parallel to the helicoidal axis. 

In contrast to this, Brand proposed a theory for 
cholesteric elastomers where the helicoidal axis of a 
cholesteric elastomer is described by a vector.2 As a 
consequence the helix axis is polar and uniaxial compres- 
sion of the helicoidal structure leads to piezoelectricity. 
The polar axis might be caused by a deviation of the local 
nematic director from a direction normal to the helicoidal 
axis or even for a biaxial orientation of the mesogenic units. 

The question arises whether the electromechanical effect 
previously observed actually is caused by piezoelectricity 
or other effects like flexoelectricity or electrostriction.2 
Furthermore, it has to be analyzed whether shear effects 
are involved and which molecular properties of the network 
and the liquid crystalline side chains influence the 
magnitude of the observed voltage. 
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Flexoelectricity is defined as the appearance of an 
induced electric polarization caused by a spatial defor- 
mation (e.g., curvature) of the director field of a liquid 
crystal. Like piezoelectricity, this effect is linear in electric 
field but arises whether a phase possesses a mirror plane 
or not. In the case of cholesteric phases, a change in 
handedness of the helicoidal structure does not affect the 
sign of fle~oelectricity.~ Electrostriction is an electrome- 
chanical effect that always arises when applying mechan- 
ical stress to a solid body. Since electrostriction is 
quadratic in electric field, it is expected to be a higher 
correction compared to pie~oelectricity,~ which is linear 
in electric field. 

For cholesteric systems piezoelectricity can be easily 
differentiated from flexoelectricity and electrostriction 
simply by changing the handedness of the helicoidal 
structure. Only for piezoelectricity does this cause a change 
of the sign of the polarization. 

Because our previous experiments4 seem to be consistent 
with the model of Brand and a polar helicoidal axis, we 
will briefly outline some of the basic equations describing 
the piezoelectric effect. On the basis of this model we will 
analyze whether the electromechanical experiments ac- 
tually reflect these theoretical statements. To get an idea 
of the variables that contribute to piezoelectricity, one 
studies the free energy of such an elastomer. According 
to the theory of Brand, 1 gives the expansion of the free 
energy of a cholesteric elastomer. Only terms dealing with 
deformations and electric field effects are written down 
explicitly; all other contributions are summarized in Fo: 

(1) 
In eq 1 C is Young's modulus, e the deformation, te the 
dielectric permittivity, E the electric field, qo = 2II/p the 
cholesteric reciprocal pitch, and P the coupling coefficient 
between E and e. Minimizing the free energy with respect 
to the electric field yields a relation between deformation 
and the electric field: 

F = F, + '/,Ce2 + caE2 + q o p E e  
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Figure 1. Nematic polymer 1, chiral dopant 2, and cross-linker 
3. 

or 

E = -(q&'P/2ea)e (3) 
where the term qoP/2ca in eq 3 defines the piezoelectric 
coefficient h. Here it has to be noted that h is inversely 
related to the pi tch of cholesteric elastomers. This 40- 
dependence does not occur for other electromechanical 
effects (flexoelectricity, electrostriction). Consequently, 
b y  systematically varying the pitch of cholesteric elas- 
tomers, the piezoelectric effect can be easily separated. 

In this paper we will describe uniaxial compression 
experiments on cylindrical cholesteric elastomers in the 
frame of the theoretical considerations mentioned above. 
To identify the piezoelectric effect, the cholesteric pitch, 
p, of the elastomers is systematically varied. To assure 
that the variation of the pitch is not coupled to a variation 
of the dielectric permit t ivi ty  or the composition of the 
system, induced cholesteric elastomers are chosen. The 
variation of pitch is realized b y  a variation of the 
enantiomeric excess of the chiral compound inducing the 
cholesteric phase. 

2. Experimental Section 
Material. For measurements of piezoelectric coefficients by 

compression of a cholesteric elastomer, the helicoidal axis has to 
be parallel or the local nematic director perpendicular to the 
compression axis. On the basis of previous results,' this 
orientation behavior is given by the nematic system 1, shown in 
Figure 1. The cholesteric phase is induced according to well- 
known procedures by the chiral low molar mass 2'-(2-methyl- 
butyl)biphenyl-4-carbonitrile 2. (R)-, (Sb, and (R /S) -2  were 
synthesized starting from the corresponding 2-methylb~tanol .~ 
(R)-2-Methylbutanol with an enantiomeric excess of ee = 18.9';, 
necessary for synthesis of (R) -2  was obtained from racemic 
2-methylb~tanol .~ 

Two polymeric systems have been synthesized: (i) linear 
reference polymers without cross-linking agent 3 and (ii) cho- 
lesteric elastomers with a constant cross-linking density due to 
a constant mole fraction of 3. 

The linear reference polymer is synthesized according to well- 
known procedures.Y The average degree of polymerization is P,, 
= 100. With this linear polymer, the miscibility behavior with 
2 and the properties of the induced cholesteric phase are analyzed. 
These properties can be directly related to the corresponding 
elastomers as exemplified for the optical properties. In Figure 
2 the phase behavior of the binary system 1 and 2 is shown. The 

L 
20 40 60 80 

w t %  polymer- 
F igure  2. Phase diagram for mixtures of 1 and 2; (+) measured 
by DSC, (*) determined by polarizing microscopy (c, cholesteric; 
i ,  isotropic; s, smectic; g, glassy). 
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Figure 3. Refraction indices of a mixture of 1 and 2 containing 
20 w t  % 2 (ne, extraordinary refraction index; no, ordinary 
refraction index; A, = 1/3(ne2 + 2n02)). 

phase diagram exhibits a broad cholesteric phase over the whole 
concentration range. The cholesteric phase is identified by the 
Grandjean texture in the polarizing microscope. A t  low tem- 
peratures in the region of 60-80wt % polymer, an induced smectic 
phase exists. No crystalline phases could be detected in these 
mixtures. According to this phase diagram the glass transition 
temperature of the pure polymer is strongly reduced by 2. A 
composition which is ideal for the preparation of elastomers is 
a mixture containing 80 w t  5% 1 and 20 w t  5% 2 because it exhibits 
a broad cholesteric regime (up to 335 K) and a low-temperature 
glass transition at TK = 255 K. This mixture is chosen for the 
synthesis of the elastomers, the characterization of the state of 
order, and the cholesteric pitch as a function of the optical activity 
of 2. The state of order is evaluated from birefringence 
measurements according to  the method of Haller.IoJ1 In Figure 
3 the refractive indices are shown as a function of the reduced 
temperature. The refractive indices are related to the molecular 
polarizibility a via the Lorenz-Lorentz equation. Then, the order 
parameter S is given by 

(4) 

with A = A d a ,  a = 1/3(a, + 2 4  and Ac2 = (ne2 + 2n,;')/3. ne 
and n,, are the extraordinary and the ordinary refraction indices 
and a, and a,, the corresponding molecular polarizabilities. A 
can be determined from the plot of log(SAa/a) = log[(n,' - n,;?/ 
( f ic2 - 1) versus -log11 - Trrdl by extrapolation to T = 0 K (S = 
1). If A is known, Scan  be calculated from n, and rag,. In Figure 
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Table I 
Enantiomeric Excess (ee) and the Wavelength of Selective 

Reflection (XR) for the Elastomers and Corresponding 
Linear Polymer Systems 

1813 

I I 
I I 

I 

h i . I  

I 

.95 .56 .97 . 9 8  .99 1 

T r e d  
Figure 4. Order parameter S of the mixture of 1 and 2 containing 
20 wt 9A2 versus reduced temperature Tred = Ti T, ( T ,  measuring 
temperature; T,, cholesteric-to-isotropic phase transformation 
temperature). 

4 the order parameter S as a function of temperature is shown. 
The results are in good agreement with previous results.12 

The cholesteric pitch is determined by selective reflection of 
circularly polarized light that arises from the helicoidal super- 
structure. The wavelength of selective reflection, AR, is directly 
connected to the pitch p of the cholesteric helix by the relation 
XI< = itp, where it is the average refraction index of acorresponding 
nematic layer, that can be calculated from the data of Figure 
3.I'" To determine variation of p with a change in the 
enantiomeric excess of 2, XH is measured as a function of the 
enantiomeric excess. The enantiomeric purity of 2 is system- 
atically varied by substitution of chiral2 with racemic 2. This 
procedure guarantees that it remains constant for all mixtures 
hnd, consequently, AH is always directly proportional to p. For 

< 2000 nm the wavelength of selective reflection is determined 
by circular dichroism measurements using a UV-vis photospec- 
trometer and for AH > 2000 nm using the optical rotation 
dispersion (ORD) following the formalism of de Vries.14 The 
ORD measurements find that (S)-2 induces a right-handed and 
(R)-2 a left-handed helix. The temperature dependence of XR 
can be neglected in the temperature range between isotropic- 
to-cholesteric phase transformation temperature and 30 "C. As 
known from low-molar-mass cholesteric phases a linear relation 
exists between l ip and the enantiomeric excess (eel of 2. For the 
racemic 2 the system is nematic ( l ip = 0). 

The corresponding elastomers are synthesized in a two-step 
process in the isotropic state. According to previous, detailed 
measurements on nematic elastomers, the network formation in 
the isotropic state is necessary to  avoid induced network 
anisotropy.!" In the first step a linear polymer is prepared which 
still contains4 mol % reactive Si-H monomer units. This polymer 
is mixed with an adequate quantity of 2 and the bifunctional 
cross-linking agent 3. Within 4 h a t  a temperature of 353 K (in 
the isotropic state) the cross-linking reaction is completed. The 
resulting elastomers are cylindrical in shape with a height of 6.0 
f 0.1 mm and a diameter of 14.0 i 0.1 mm. The cholesteric- 
to-isotropic phase transformation temperature was determined 
to be T, = 338 f 0.5 K (DSC) and Tg = 253 K for the whole series 
of elastomers. For two samples the wavelength of selective 
reflection, AH, is measured by circular dichroism. The optical 
rotation ( p  > 2000 nm) measurements fail due to the large values 
of the optical rotation of the cylindrical elastomers. These 
elastomers exhibit the same values in AH as the corresponding 
linear polymer systems with an accuracy of f 5  nm (see Table I). 
Therefore, the values of the linear polymer are taken to be valid 
also for the corresponding elastomers. 

Measurements. Optical measurements of the elastomers are 
performed on a UV-vis photospectrometer (330 photospectrom- 
eter, Perkin-Elmer). AH as a function of deformation is deter- 
mined in a temperature-controlled chamber. Elastomers are 
compressed with an accuracy of i 10 pm. Temperature is 
regulated to a constant value within i O . 1  K. 

Mechanical and electromechanical measurements are per- 
formed in a self-constructed, computer-controlled apparatus. The 

AH (nm) 
elastomer ee of 2 ( C C )  elastomer polymer 

El00 100 1286 1290 
E75 75 1708 1710 
E50 50 2560 
E19 19 6910 
EO 0 
E-19 -19 6780 

sample is compressed to an accuracy of i1.5 pm by two 
simultaneously working displacement disks. Stress is measured 
by a force transducer as a function of the deformation. Simul- 
taneously electric voltage is measured with a Keithley electrom- 
eter voltmeter (input resistance >5 x 10l3 Q )  having an analogue 
output to  the computer. The sample is fixed in a closed heating 
chamber. Temperature is regulated to a constant value with an 
accuracy of f0.04 K all along the sample. The experiments were 
carried out statically according to the following procedure: the 
unloaded sample is compressed and the voltage is analyzed until 
a maximum value is observed. Thereafter the elastomer is 
released for the next measuring cycle. Because the diameter of 
the electrodes is larger than the diameter of the elastomers, the 
measured voltage has to  be corrected by a factor 

(5) 
where A, is the area of the electrodes, e,] is the dielectric 
permittivity of the elastomers, and A,] is the area of the Cylindrical 
elastomer in contact with the electrodes. With the dimensions 
of the setup and cell6 = 7.5, the factor C = 1.2. Since Cis the same 
for all elastomers (eel = constant) and only relative values are of 
interest, in the following, the noncorrected voltages are discussed. 

3. Results and Discussion 
Mechanical Investigations. To get  detailed infor- 

mation about the stress-induced orientation process from 
the nonordered (polydomain) to the macroscopically 
uniformly ordered state (monodomain), mechanical prop- 
erties of the elastomers are investigated. As the mechanical 
behavior of the different samples is the same within 
experimental error in Figure 5 the nominal stress (I, is 
shown as a funct ion of deformation X only for elastomer 
El00 at different temperatures. Similar to previous 
results4 in the cholesteric phase the nominal stress remains 
nearly constant at un = 0 N mm-2 for a broad deformation 
regime. In this region a polydomain/monodomain tran- 
sition occurs, which is correlated to a considerable change 
in the sample dimensions4. Above this region, a mono- 
domain  exists with linear stress-strain behavior. The 
linear extrapolation of the stress-strain curve to un = 0 
leads to a threshold deformation A,, that defines the 
deformation of the elastomer necessary to obtain the 
macroscopically aligned sys tem with length Lmon.  The 
inverse of L,,, characterizing the macroscopic anisotropy 
of the elastomer, as a function of temperature, is shown 
in Figure 6. Interestingly, the slope of l/Lmon(7') resembles 
the slope of the order parameter of the elastomers S(T) 
shown in Figure 4. Actually, a correlation between l / L m o n  
and S exhibi ts  a linear behavior i n  analogy to stress-strain 
measurements  on nemat ic  elastomers"J8 which is shown 
i n  Figure 7 .  For simplification in Figure 7 ,  the length of 
the monodomain L,,, is  related to the length of the 
monodomain Lmon,~ ,  at the cholesteric-to-isotropic trans- 
formation tempera ture  T,. These measurements directly 
prove the linear relationship between the state of order 
and the macroscopically anisotropic dimensions of the 
network. From Figure 7 we can obtain another parameter, 
the coupling coefficient U of the elastomer, that is 



1814 Meier and Finkelmann Macromolecules, Vol. 26, No. 8, 1993 

I 

01 
i 

A + *  
A + *  

A + *  
I .  

i 
A 

i 
N l  

0 - * I  4 4 

I + *  

( I  

A 

a 

. 6  .7 . E  .9 

x 
Figure 5. Nominal stress CT, versus deformation X of elastomer 
El00 for several reduced temperatures Tred: (A) Tred = 0.956; (+) 
Tred = 0.970; (*) Tred = 0.985. The extrapolated deformation A, 
indicates the threshold deformation necessary to obtain the 
macroscopically ordered elastomer. 
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Figure 6. Reciprocal length l/Lmon of the macroscopically 
uniform oriented elastomer versus reduced temperature Tred. 
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Figure 7. Order parameter S as a function of the reduced 
reciprocal length of the macroscopically uniform oriented elas- 
tomer Lmon,~JLm0,,( 2') (Lmon,~,), length of the macroscopically 
ordered elastomer at  Tc). 

important for later discussions. The coupling coefficient 
U characterizes the effect of the mechanical field on the 
state of order of the elastomers, which can be described 

U 

?2 i%o 

i 

, by) 
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A 
Figure 8. Wavelength of selective reflection XR for elastomer 
El00 (*) and elastomer E75 (+) a t  Trd = 0.956 vemm deformation 
A of the sample. X R , ~  indicates XR of the noncompressed helicoidal 
structure. 

by 

s = -a/U+ (p lU) )x  (6) 
where p is the modulus and X the deformation of the 
macroscopically ordered elastomer. With eq 6, we find U 
= (1.3 * 0.5) X lo4 J m-3 which is in good agreement with 
the results for nematic elastomers.l7J8 

Mechanooptical Investigations. Previous investi- 
gations showed that uniaxial compression of the elastomers 
occurs parallel to the helicoidal axis. According toBrand,2 
under these conditions the helicoidal structure should be 
compressed and piezoelectricity should be observed. To 
quantify the stress-pitch relation for elastomers El00 and 
E75, optomechanical measurements are performed. The 
wavelength of selective reflection, XR, is measured as a 
function of compression. Figure 8 shows the experimental 
results that can also be directly related to the stress-strain 
measurements above. In the compression range, where 
elastomers exhibit a polydomain structure, a slight change 
of XR occurs with compression due to the formation of the 
macroscopically uniformly oriented sample. Below Am a 
linear relation between XR and X exists consistent with the 
mechanical measurements. To clarify whether the helix 
deformation occurs affinely with the network deformation 
in Figure 9, the relative change of the reflection wavelength 
Ah& = ~ R / X R , O  = p/po (XR,~,  wavelength of the selective 
reflection of the undeformed helix with pitch PO) is shown 
as function of the relative deformation Amon = L/L,,n of 
the macroscopically ordered network. Interestingly, for 
both elastomers the slope is 0.9 f 0.15. This result 
indicates that the deformation of the cholesteric helix 
seems to follow affinely the deformation of the network. 
It should be noted that the affine deformation of the helix 
resembles the deformation of the helicoidal structure of 
low-molar-mass liquid crystals by the Can0 wedge meth- 
0 d . ~ 9 3 J  Here the pitch of the cholesteric phase follows 
affinely the variation of a layer thickness, due to fixed 
boundary conditions. 

Electromechanical Investigations. Mechanical and 
optical investigations reveal that a macroscopically uni- 
form oriented cholesteric elastomer is obtained below A,, 
where the helicoidal axis is parallel to the axis of 
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Figure 9. Deformation of the helicoidal structure h e l i x  = p/po 
versus deformation of the macroscopically uniformly oriented 
elastomer sample A,,, = L/L,,, at Tred = 0.956. 
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Figure 10. Piezoelectric voltage U versus deformation X of 
elastomer El00 for different reduced temperatures Tred: (A) Tred 
= 0.956; (+) Tred = 0.970; (*) Tred = 0.985. 

compression. Further deformation yields a significant 
decrease in pitch. Figure 10 shows the electric voltage U 
as a function of sample deformation for three selected 
temperatures. Actually, when the macroscopically uni- 
form oriented system is obtained below Am, a linear relation 
is found between U and A, as expected for piezoelectricity. 
Extrapolarion of the linear part of the U(A) curve to U = 
0 leads to a threshold deformation that coincides well with 
the results of the mechanical and optical investigations. 
The slope of U( A) gives directly the piezoelectric coefficient 
of the macroscopically uniformly ordered cholesteric 
elastomer. 

It should be noted that the sign of the voltage and the 
piezoelectric coefficient have to be related to a polar axis, 
which should not exist in cylindrical samples. However, 
as mentioned in the Experimental Section, the samples 
slightly deviate from cylindrical symmetry. Due to the 
preparation process an "upper surface" can be identified 
having not a planar but a slightly concave shape. Actually, 
the sign of the voltage can always be related to this surface. 
When the sample is turned upside down, the voltage 
changes sign at the measuring cell, but the absolute value 
of the slope of the U(A) curve remains unchanged. To 
identify whether this concave surface geometry determined 

I 

. 9 4  .96  - 9 8  1 
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Figure 11. Piezoelectric coefficient h versus reduced temperature 
Trd for elastomer Elm. 

the sign of the electromechanical effect, samples were 
prepared with modified surfaces. Actually, for convex 
surfaces with a different curvature the effect changes sign, 
but within experimental error the slope of the U(A) curve 
is not affected. Obviously, this surface geometry induces 
the direction of the polarization due to the gradient in the 
mechanical field. Additional measurements have to be 
performed to quantify and clarify this effect. 

In Figure 11 the piezoelectric coefficient h is shown 
versus reduced temperature for elastomer Elm.  Similar 
to the reciprocal length of the uniformly aligned sample, 
the temperature dependence resembles the temperature 
dependence of the order parameter S in Figure 4. Ac- 
cording to eq 3 h scales with Plea and ta scales with S. 
Therefore, we can relate the inverse order parameter 11s 
to the piezoelectric coefficient h. Actually, a linear relation 
is obtained (Figure 12a). However, as shown in Figure 
12b, a correlation of S to h also fits a linear relation well. 
This result is consistent with P scaling with S2 and ta with 
S as mentioned above. As P is a kind of elastic constant, 
this is not too unreasonable as we know, e.g., that the 
Frank constants scale with S2. Whether h scales with 11s 
or with S cannot be decided from Figure 12a,b and has to 
be clarified by further investigations. The correlation 
between the piezoelectric coefficient and the order pa- 
rameter reflects a coupling and shows that the piezoelectric 
effect of cholesteric elastomers directly depends on the 
state of order of the liquid crystalline phase structure. It 
should be noted that this correlation does not exist in 
conventional piezoelectrics and has to be considered in a 
theoretical description of this effect. 

According to eq 3 the piezoelectric coefficient is directly 
proportional to the reciprocal pitch of the cholesteric phase. 
To prove this relation, the enantiomeric excess of the 
elastomers is varied according to Table I, which only &ecta 
the pitch but not the composition nor the dielectric 
properties of the elastomers. For these different elas- 
tomers, the voltage U is shown as a function of the 
deformation A at Trd = 0.985 in Figure 13. As expected 
from eq 3 the slope of U(A) decreases with increasing pitch 
and becomes zero for the racemic system. When the 
chirality of 2 changes from S to R, the sign of the effect 
changes according to the change of the handedness of the 
pitch. We note that for p = = no voltage appears under 
compression. This result proves that electrostriction and 
flexoelectricity do not occur. Moreover, electroatriction 
can be neglected because of the linear behavior of the 
U(A) curves below Am. The threshold deformation Am can 
be excellently extrapolated from all curves, indicating that 
the variation of the enantiomeric excess actually does not 
affect the mechanical properties of the elastomers. Fur- 



1816 Meier and Finkelmann Macromolecules, Vol. 26, No. 8, 1993 

J 1 
a 

L7 
\ r i J -  

25 30 35 40 45 

h [ V / m l  
Figure 12. (a) Inverse order parameter lis of the cholesteric 
phase versus piezoelectric coefficient h. (b) Order parameter S 
of the cholesteric phase versus piezoelectric coefficient h. 
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Figure 13. Piezoelectric voltage U versus deformation h for six 
samples with different pitch (refer to Table I) of the cholesteric 
phase at Tred = 0.985. A,,, indicates the deformation necessary 
to obtain the macroscopically ordered elastomers. 

thermore, this extrapolation to A, also proves that the 
synthesis route yields identical polymer networks. In 
Figure 14 the piezoelectric coefficients obtained from 
Figure 13 are plotted versus the reciprocal pitch for the 
selected reduced temperature Tred = 0.970. An excellent 
linear relation exists which proves eq 3 with respect to the 
pitch dependence of the piezoelectric effect. The slope of 
this relation reflects the dielectric properties of the system 
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Figure 14. Piezoelectric coefficient h for six different elastomers 
versus the reciprocal pitch llp of the elastomers at Tred = 0.970. 

as well as the coupling coefficient Sp between electric field 
and deformation. Further investigations have to clarify 
the significance of these different terms. 

4. Conclusions 

Our experiments clearly show that for cholesteric 
elastomers a linear electromechanical effect exists. This 
effect is not due to flexoelectricity but is similar to 
piezoelectricity of solid-state materials. The temperature 
dependence of the piezoelectric coefficient shows that in 
cholesteric elastomers an additional coupling between the 
piezoelectric coefficient and the order parameter of the 
liquid crystalline phase has to be taken into account. This 
indicates that piezoelectricity of liquid crystalline elas- 
tomers cannot be described in terms of a classical solid 
body effect. This “nonclassical” behavior is also proved 
by the fact that the results of direct and converse 
piezoelectric measurements cannot be correlated if a 
coupling is neglected.21 Both a theoretical understanding 
of the effect and optimization of liquid crystalline elas- 
tomer for application make it necessary to get an idea 
about the influence of the chemical constitution of the 
mesogenic units on piezoelectricity in cholesteric elas- 
tomers. Although our experiments prove the linear 
relation between the piezoelectric coefficient and the 
reciprocal pitch, up to now we still do not know in which 
way a variation of the molecular properties influences the 
magnitude of the observed effect. In this context it will 
be of interest to investigate the influence of a variation of 
the anisotropy of the dielectric permittivity Ae of the 
mesogenic units. For our samples the sign of the effect 
can be attributed to the surface curvature. Here it has to 
be quantified whether only the resulting mechanical field 
gradient causes the polar axis or whether the polar axis 
is actually an intrinsic quantity of these elastomers. 
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out that according to the established picture of the 
cholesteric phase no polar axis exists and that under these 
conditions the effect described in this paper should be 
due some components of neat shear to the sample. He 
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