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Abstract. – We investigate the rheological properties of polydomain smectic A Side-Chain
Liquid Crystalline Elastomers (SCLCE) by dynamic shear and compression measurements and
find a very similar behavior for both experiments. We show that the dynamic shear modulus
G′ is independent of a precompression applied to the sample. In addition, we present the first
dynamic measurements of the anisotropy of G′ observed for the corresponding Liquid Single
Crystal Elastomers (LSCE). We find that these monodomains show dynamically a dramatic
difference depending on whether the shear is in a plane parallel or perpendicular to the layer
normal, demonstrating the in-plane fluidity of the smectic layering.

Introduction and motivation. – Side-Chain Liquid Crystalline Polymers (SCLCP), i.e.
polymer chains to which mesogenic side groups are attached via a flexible chain called spacer,
can be crosslinked chemically to form permanent networks. If the density of the crosslinks is
low enough [1,2], these systems preserve their mesomorphic properties resulting in Side-Chain
Liquid Crystalline Elastomers (SCLCE). Since these systems usually consist of approximately
80 vol% of mesogens and only 20 vol% of polymeric backbone and crosslinker, the material
properties are very different from those of conventional rubbers [3]. Moreover, they combine
the mechanical properties of elastomers and the mesomorphic properties of liquid crystalline
phases in a unique way [3,4]. As has been shown by many experiments in the past, in SCLCE
strain fields represent a more efficient possibility to couple to the mesomorphic order than
electric or magnetic fields [5-7]. Consequently, in these compounds mechanical experiments
represent an interesting possibility to couple to the liquid crystalline degrees of freedom and
a comparatively small mechanical strain (ε ∼ 10%) is usually sufficient to induce well-ordered
states. In 1991 Küpfer and Finkelmann [8] used this feature to create macroscopically highly
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ordered monodomains of nematic SCLCE—the so-called “Liquid Single Crystal Elastomers”
(LSCE). In 1995 Olbrich et al. [9] studied the strain-induced birefringence in a SCLCE
exhibiting an isotropic-smectic A transition thus demonstrating the existence of both smectic
as well as nematic fluctuations well inside the isotropic temperature range. More recently,
Gallani et al. [10] investigated the rheological properties under shear of various SCLCEs
exhibiting nematic and smectic A phases. With this work the authors of [10] have extended
the investigation of the rheological properties of layered systems—a field which has attracted
considerable attention over the last decade [11-13]—by this novel type of materials. The first
synthesis of smectic A LSCEs reported by Nishikawa et al. in 1997 [14] has stimulated new work
on the investigation of their anisotropic mechanical properties, such as in-plane fluidity [14]
and layer undulations [15] etc.

In this letter, we present the first rheological experiments performed on these novel smectic
A monodomains, thus investigating the anisotropy of their dynamic (complex) shear modulus
G∗ = G′ + iG′′. We find the dynamic generalisation of the results obtained by Nishikawa
et al. [14] in the static limit, that is a fluid-like behavior of the smectic layers for in-plane
shear and a solid character for shear in a plane containing the equilibrium layer-normal.
These results are compared to the dynamic shear modulus G∗ obtained for polydomains
synthesized from the same compounds. The dynamic Young’s modulus E∗ = E′ + iE′′ has
also been measured for the polydomain samples and the comparison with the results for G∗

shows that the underlying relaxation mechanisms studied in shear as well as in compression
geometry are essentially the same. In their isotropic phase and for low frequencies, the samples
behave similar to an isotropic Hookean elastic solid [16], whereas for higher frequencies the
influence of the dynamic glass transition [17] becomes important. In the smectic A phase we
observe viscoelastic behavior for all frequencies investigated. We point out that most likely
the transient networks formed by the smectic layers and the dynamic glass transition are the
major contributions to this viscoelastic behavior. Finally we show that the dynamic shear
properties of a polydomain sample do not change, when the sample is precompressed by more
than 20%.

Experimental results. – For our experiments we use the piezo-rheometer described pre-
viously in [10, 18, 19]: The sample is placed between two parallel glass plates and one of
them is excited by a piezo-driven plate oscillating horizontally or vertically depending on
the polarization of the piezo ceramic elements. The applied shear or compression strain
ε∗(t) = ε0 exp[iωt] is transmitted through the sample and the second plate detects the resulting
stress σ∗(t) = σ0 exp[i(ωt + ϕ)] via another piezo ceramic. The stress-strain ratio gives the
complex shear modulus G∗ = σ∗/ε∗ or compression modulus E∗ = σ∗/ε∗, respectively. In all
experiments presented below the applied strain ε0 never exceeds 10−4. For these strain ampli-
tudes the validity of linear response has been checked experimentally. A static precompression
∆d/d can be imposed on the sample by reducing the distance d between the glass plates by
∆d. The parallelism of these plates is detected by optical interference (Newton’s rings) with
an accuracy of 5× 10−4 rad.

The preparation of the samples under investigation is described in detail in [14,20,21]. The
monodomain as well as the polydomain samples exhibit a smectic A phase below TA = 58 ◦C
and an isotropic phase above TI = 65 ◦C. As will be discussed in detail in [22], it is rather
complicated to determine the phase sequence of the elastomers in the intermediate temperature
regime. In the following, we will for simplicity refer to this regime as the transition region.
Below TG = −18 ◦C the samples are in the glassy state as determined by DSC measurements.
The samples used for the experiment have an area of ∼ 0.5 cm2, a well-defined thickness of
d = 235µm for the polydomain and d = 490µm for the monodomain and a surface roughness
of <∼1µm as determined by atomic force microscopy [23].
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Fig. 1. – Temperature dependence of the shear modulus G′(T ) and the corresponding phase shift
ϕ(T ) between the excitation and the response obtained for a polydomain sample without static
precompression (solid symbols) and with a precompression of ∆d/d = 21% (open symbols).

We shall first discuss the temperature dependence of the storage moduli G′(T ) and E′(T ) for
polydomain samples: Well inside the smectic A phase G′ (fig. 1) as well as E′ (fig. 2) decrease
with increasing distance from the glass-temperature for all frequencies. Curves taken at higher
frequencies are successively shifted towards higher values of the corresponding moduli, which
is a typical feature of the dynamic glass transition and well known [10, 17]. The numerical
values for G′ as well as E′ are of the same order of magnitude. In the transition region the
storage moduli decrease steeply by ∆G′ (and ∆E′, respectively) within a temperature range
of 5–10K. In this interval the numerical values of both moduli drop by more than one order
of magnitude. Since the smectic regime in the compound studied here is extraordinarily broad
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Fig. 2. – Temperature dependence of Young’s modulus E′(T ) and the phase shift ϕ(T ) obtained for
a polydomain sample.
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Fig. 3. – Sketch of the set-up for the shear experiments performed on smectic A monodomains (the
solid lines indicate the smectic layers): a) shear in a plane parallel to the layer normal (“mono‖”)
b) shear in a plane perpendicular to the layer normal (“mono⊥”).

(∼ 80 K), the steep decrease is not hidden by the dynamic glass transition—even for higher
frequencies, i.e. ν = 1kHz. Nevertheless, a strong dynamic contribution can be observed for
the phase shifts ϕ = arctanG′′/G′ (or ϕ = arctanE′′/E′, respectively) which are plotted in
the insets of figs. 1 and 2: The fairly sharp maximum measured for ν = 1Hz (or ν = 1.4Hz,
respectively) which characterizes the transition to the isotropic phase is considerably broadened
and successively shifted to higher values with increasing excitation frequency. This indicates
that the hydrodynamic regime [24] of the isotropic phase—requiring ϕ = 0—can either be
reached at very low frequencies or for temperatures far above the phase transition. Under
these conditions the G′(T )—and E′(T )—curves converge to a frequency-independent curve.

To describe the results of the orientation-dependent measurements on monodomains, we
firstly introduce the notations being used with the help of fig. 3: “mono‖” describes shear in
a plane parallel to the layer normal, wheras “mono⊥” corresponds to shear in a plane perpen-
dicular to the layer normal. The results of the shear experiments performed on monodomains
are plotted in fig. 4 for the excitation frequencies a) ν = 100Hz and b) ν = 1000Hz. For
comparison we have also added the corresponding curves obtained for the polydomain sample
(cf. fig. 1). All G′(T )-curves for the monodomains show the same qualitative behavior as
G′(T ) and E′(T ) in the polydomain case: A continuous decrease with increasing temperature
in the smectic phase, where the numerical values all obey G′

mono‖ > G′
poly > G′

mono⊥ , then a
steep decrease in the transition region followed by a nearly sample-independent curve G′(T )
characterising the isotropic phase. The value of ∆G′ observed in the transition region for the
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Fig. 4. – Temperature dependence of the anisotropic shear modulus G′(T ) obtained for different
orientations of smectic A monodomains (for comparison the results for the corresponding
polydomain—marked by “poly”—are added) for the frequencies a) ν = 100 Hz and b) ν = 1000Hz.
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monodomains depends strongly on the orientation of the sample, and is between one and two
orders of magnitude higher in parallel than in perpendicular orientation.

Discussion of the results. – We shall start the discussion with the behaviour of the
polydomain sample. As already pointed out above, for sufficiently low frequencies or for
very high temperatures, respectively, the polydomain sample responds in its isotropic phase as
it is expected for isotropic solids in its hydrodynamic regime. For higher frequencies or lower
temperatures, however, a considerably higher contribution of the dynamic glass transition to
G∗ and E∗ is observed.

As described above, the G′(T )-curves display a steep decrease in the temperature interval
where the system transforms from the smectic A to the isotropic phase. In contrast to this, it
has been shown experimentally by Gallani et al. [10] that the nematic-isotropic transition—
where only the orientational order of the system vanishes—in polydomains cannot be resolved
by G∗(T ) measurements carried out with the same type of piezo-rheometer. This observation
can be understood qualitatively, since both the isotropic and the nematic phase are three-
dimensional fluid phases. This picture changes qualitatively if a smectic A phase with its
one-dimensional density wave is involved: Well inside the smectic A phase the randomly
ordered smectic domains form a transient network with a very long lifetime (lifetimes of the
order 105–107 s appear to be possible, even well above the glass transition) [21]. These smectic
domains (dynamically) contribute to the value of G′. In addition there is a contribution,
similar to low molecular weight systems [25], because (in polydomain systems) there are
always domains that are sheared under ∼ 45◦ with respect to the layers. At the phase
transition the smectic layer structure and the accompanying transient smectic network vanish.
This disappearance finally gives rise to the steep decrease observed in the G′(T )-curves.
Consequently this decrease has also been observed for SCLCEs exhibiting a nematic-smectic
A transition [10] as well as for SCLCPs [26] and also for smectic A main-chain elastomers [27],
both at an isotropic-smectic A transition. In the case of monodomains, we believe that the
value of ∆G′ measured for shear in a plane parallel to the layer normal (“mono‖”) also reflects
the solid character of the smectic A phase, since in these elastomers the smectic layers are
coupled to the polymeric backbone [28]. This layer-network coupling, which energetically
rules out macroscopic permeation, induces a distortion of the equilibrium layer spacing as
response to an applied mechanical stress and therefore gives rise to the value of ∆G′ found
under shear in “mono‖”-orientation. The fluid-like behavior of the smectic A phase is probed
by shear in a plane perpendicular to the layer normal (“mono⊥”), which in our case only
gives the elastic response of the underlying network. Thus, we believe that the small residual
∆G′ observed for the perpendicular orientation would become even smaller, if one managed to
shear the sample perfectly in-plane. These anisotropic dynamic shear properties of the smectic
A LSCE can thus be viewed as a dynamic analogue of the static observations made on the
same compounds by Nishikawa et al. [14]. As can be seen from fig. 4, the anisotropy of the
storage moduli G′

‖ − G′
⊥ increases with frequency. This suggests that dynamically the static

anisotropy is modified due to relaxation effects of the liquid crystalline degrees of freedom,
which need not be the same for G′

‖ and G′
⊥ as a function of frequency. A more extensive

discussion of the anisotropy and the dynamic properties of the shear modulus G∗ for this
smectic A monodomain will be given in ref. [29].

We shall continue with the discussion of Young’s modulus E′(T ) at the phase transition
and in the smectic A phase of the polydomain sample. The curves obtained for E′(T ) and
G′(T ) qualitatively have the same characteristic shape and frequency dependence, that is they
decrease continuously well inside the smectic phase as the temperature increases and show
a steep decrease in the transition region reflecting the disappearance of the smectic layers.
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The same qualitative agreement is observed for the shape of the phase shift ϕ(T ) between
the excitation and the response as can be seen by comparing the insets in figs. 1 and 2.
Therefore we may conclude that the underlying processes influencing the dynamics as well as
the temperature-dependent behavior of G′ and E′ in polydomain liquid crystalline elastomers
are very similar, even though—from a macroscopic point of view [16]—these two material
parameters are completely independent.

We want to close this note with an interesting experimental observation never reported
before: In fig. 1 we have additionally plotted the G′(T )-curve for the polydomain sample
which has been sheared while being exposed to a static uniaxial precompression of ∆d/d =
21% between the confining glass plates. Within the experimental errors this curve and the
one obtained for the uncompressed sample are identical. Consequently the orienting effect
detectable via shear experiments reached by precompression in the isotropic as well as the
smectic phase must be small. Possibly the (re-)orientation effect achieved by a uniaxial
compression in the smectic A phase is weak due to steric hindrance in these elastomers, which
are rather strongly crosslinked.
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