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ABSTRACT Dynamic stress-optical measurements on liquid crystalline elastomers with different cross- 
linking densities have been carried out in the isotropic phase. The appearance of two relaxation processes 
in the spectra is probably due to the side-on attachment of the spacers to the mesogenicgroups. The relaxation 
frequencies and the relaxation strengths of the processes show critical behavior in qualitative agreement with 
the Landau-de Gennes theory. The strong cross-linking density dependence of the relaxation strengths 
provides evidence that the cross-linking points locally perturb the liquid crystalline order. A comparison of 
the dynamic mechanical and the dynamic stress-optical behavior of the samples indicates that the stress- 
optical processes are triggered by fast contributions to the mechanical spectrum. 

Introduction 

Liquid crystalline elastomers combine the properties of 
polymer networks and liquid crystals. Due to the existing 
elastic network a mechanical stress cannot relax by flow 
processes and therefore affects the liquid crystalline order 
permanently. Applying a mechanical field, a nematic 
polydomain structure can be transformed into a mon- 
odomain texture. In the isotropic phase the stress causes 
a nonzero order parameter and a shift in the nematic- 
isotropic phase transition temperature T~1.l The effect 
of a mechanical field on the liquid crystalline order is much 
stronger than the effect of experimentally realizable 
electric or magnetic fields.2 Like all susceptibilities related 
to the order parameter S, as, for example, the Kerr and 
the Cotton-Mouton constant, the stress-optical coefficient 
shows a strong increase as the temperature approaches 
the transition temperature TNI in the isotropic phase. The 
increase is described by the Landau-de Gennes theory as 
a "near-critical" behavior.%' The critical point T* where 
the divergence would occur is located slightly below TNI, 
so that the phase transition interferes before T* is reached. 

Critical behavior is always associated with a critical 
slowing down of the order parameter dynamics. As 
reported in this paper, critical dynamics in liquid crys- 
talline elastomers is in fact observed. We have performed 
measurements of the dynamic stress-optical coefficient in 
the frequency range 0.1 I f I 50 Hz. In addition, by 
measuring dynamic mechanical and dynamic stress-optical 
properties of the sample simultaneously, details of the 
interaction between the network and mesogens can be 
studied. Similar measurements were first performed in 
the groups of Read,B Stein: and Kawai'o in studies of 
semicrystalline and amorphous polymers. 

In the following, first the samples under study and the 
experimental setup are described. Then we present the 
dynamic mechanical and dynamic stress-optical measure- 
menta, which were performed in the isotropic phase, and 
discuss them in the last section. 

Experimental Section 

Samples. The liquid crystalline elastomers were synthesized 
and characterized in the group of Prof. H. Finkelmann, Institut 
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ftir Makromolekulare Chemie, Universitilt Freiburg. Figure 1 
shows their chemical structure. The mesogenic groups R1 and 
Rz are attached laterally to the polymethacrylate backbone via 
spacers of six methylene groups. The junction point of the spacer 
is in the central part of the mesogen. A low fraction (y) of the 
mesogens contains cyano end groups (to enable a determination 
of the order parameter by IR dichroism measurements). 

We examined two elastomers, LCE-1 and LCEd, which differ 
only in their cross-linking density. Their structural features and 
phase behavior are shown in Table I. The numbers "1" and "5" 
in the denominations of the samples refer to their cross-linking 
densities: the cross-linking density of the second sample is about 
5 times as high as the cross-linking density of the first sample. 
In comparison to the theoretical maximal cross-linking densities 
anticipated from the fractions of the used cross-linking agent, 
the actually realized cross-linking densities were much lower. 
They were derived from stress-strain measurements and followed 
from N M ,  the average number of monomer units between two 
cross-linking points. This fact indicates that the cross-linking 
reaction was incomplete or that many cross-links are not 
mechanically active. 

Apparatus. Dynamic optical and mechanical measurements 
probe the temperature and frequency dependence of the me- 
chanical and optical properties of a sample. In the experiment 
the sample is exposed to a stress 

a(t )  = a. + aleiwf (1) 

which consists of a static component a0 applied to stretch the 
sample and a superposed sinusoidal modulated dynamic com- 
ponent a1 with frequency f = w/27r (a, a ~ ,  and a1 are engineering 
stresses, i.e., the applied force per cross-section area in the 
unstrained state). The stress causes a strain 

(2) r ( t )  = c0 + tlei(wfd) 

An(t) = Ano + An,ei(Yt-+" 

and a birefringence 

(3) 

in the sample, where 6, € 1 ,  A b ,  and An1 are the zeroth and the 
first Fourier components of the strain and the birefringence, 
respectively, and 6 and cp are phase angles. The dynamic 
mechanical properties of the sample will be described by the 
complex elastic modulus 

and the dynamic stress-optical behavior will be characterized by 
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Figure 1. Chemicalstructureofthe samples. Thestoichiometric 
fractions 2, y, and z are listed in Table I. 

Table I. Chemical Structure and Phase Behavior of the 
Elastomers 

sample 3c Y z Nd' T,,b°C T&,OC 
LCE-1 0.935 0.015 0.050 200 30 59.1 
LCE-5 0.795 0.015 0.190 41 34 60.4 

0 NM: averagenumber of monomer units between two cross-linking 
points, derived from stress-strain measurements. * Glass transition 
temperature T,, obtained by DSC. e Nematic-isotropic phase tran- 
sition temperature TNI, derived from the change in the apparent 
extinction of the sample. 

the dynamic stress-optical coefficient1] 

As in the case of ordinary rubbers, the stress-optical coefficient 
is calculated with the component of the true stress ul(l  + eo), 
which is given by the applied force per cross-section area in the 
strained state (the small contribution of e l  is neglected).12 

The experimental apparatus consists of a commercial me- 
chanical spectrometer (Polymer Laboratories DMTA MK 11) 
working in tensile geometry, with the additional implementation 
of an optical setup for a simultaneous determination of the 
birefringence. Eleven frequencies of the spectrometer in the range 
0.1 I f I 50 Hz are available. Figure 2 shows the optical setup. 
A sample is placed between two crossed polarizers, oriented with 
their axes at angles of +45 and -45O with regard to the optical 
axis of the sample, which coincides with the tensile axis. The 
beam of a He-Ne laser passes the polarizers and the sample and 
is detected by a photodiode. 

The transmitted intensity Z as a function of the birefringence 
An and thickness d of the sample is given by 

Z(An) = %( 1 - cos(2nAn:)) 

where I- is the maximum of the transmitted intensity and X 
is the wavelength of the laser light (633 nm). The birefringence 
An(t) is given by eq 3. To get a sinusoidal modulated intensity 
in the case of a sinusoidal modulated birefringence, uo is chosen 

' Polarizer 
Figure 2. Optical setup to determine the birefringence of the 
sample simultaneously with the mechanical characterization. 

in such a way that An0 fulfills the equation 
d n  2rAn - = - ox 2 

i.e. 
x Ano = - 4d 

(7) 

Around this value of Ano, the operating point, the cosine function 
in eq 6 is approximately linear. First-order Taylor expansion of 
eq 6 around the operating point leads to 

Imsr d I(An) = -( 2 1 + 2sAnx) 

Combination of the eqs 9, 3, and 8 results in 

(10) 

Hence, for a small sinusoidal modulation of An around the 
operating point, the amplitude Anl and the phase angle cp of the 
dynamical component of the birefringence can be determined by 
a measurement of the amplitude and the phase angle of the 
intensity signal. 

In the experiment the operating point is stabilized by 
controlling the static stress component, keeping the average 
intensity constant (I = Z d 2 ) .  The intensity of the transmitted 
light and the strain of the sample are sampled simultaneously 
at 64 equidistant points per period. Fast Fourier transformation 
on the controlling microcomputer yields the amplitudes €1 and 
An1 of strain and birefringence and their relative phase angle rC. 
= ((p-6). Using the elastic modulus measured by the mechanical 
spectrometer, C* can be calculated using eqs 4 and 5. It is an 
inherent problem of the method that the noise in the mechanical 
data is transferred to the stress-optical coefficient. 

Results 
Mechanical Properties. The temperature depend- 

ences of the real part of the dynamic elastic modulus E' 
and of the loss factor tan(b), measured at a frequency of 
30 Hz, are shown in Figure 3. The decrease of log(E') and 
the maximum of tan(@ indicate the broad dynamic glass 
transition of the samples. For low temperatures log(E') 
approaches the glass modulus, which is independent of 
the cross-linking density; at high temperatures E' ap- 
proaches the rubber value, which is proportional to the 
cross-linking density. Note that at the chosen frequency 
there is no noticeable change in the dynamic mechanical 
data at the nematic-isotropic phase transition; TNI is 
located at 60 "C. 

In contrast to the dynamical behavior, there is a distinct 
change in length of the samples at TNI, as shown in Figure 
4. During the mechanical measurement, the static com- 
ponent of the stress is kept constant. Hence, the change 
in length of the samples originates from the change of the 
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Figure 3. Temperature dependence of log (E’) (a) and tan(@ 
(b) for LCE-1 (0) and for LCE-5 (e), measured at 30 Hz. 
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Figure 4. Static strain of LCE-1 (a) and LCE-5 (b) under 
constant strees during the mechanical measurement. The change 
in length is due to the change in the order parameter. 

order parameter. To avoid a perturbation of the mea- 
surement introduced by the lengthening, a delay of a t  least 
0.5 h was inserted between two successive measurements. 
The extent of the length increase is strongly dependent 
on the cross-linking density: the weaker cross-linked 
sample LCE-1 showed a much higher lengthening than 
the stronger cross-linked sample LCE-5. 

Dynamic Stress-Optical Coefficient. Frequency 
spectra of the dynamic stress-optical coefficient of the 
samples are shown in Figures 5 (LCE-1) and 6 (LCE-5). 

- 
l 

a 

f [Hzl 
Figure 5. Frequency spectrum of the strew-optical coefficient 
C* = C‘ - iC” of LCE-1 at 65 O C  (a, C’; b, C”). A faster Debye 
process and a slower Cole-Cole process are simultaneously fitted 
to C’ and C”. 
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Figure 6. Frequency spectrum of the stress-optical coefficient 
C* = C’ - iC” of LCEd at 65 O C  (a, C’; b, C”). A faster Debye 
process and a slower Cole-Cole process are simultaneously fitted 
to C’ and C”. 

They were measured a t  a temperature of 65 O C ,  a few 
degrees above TNI. To evaluate the spectra, the sum of 
two relaxation processes C* = C*tmt + C*a~ow was fitted to 
the data: a fast Debye process 
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and a slower, broader Cole-Cole processl3 
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0.4 ' . . . . . . .  

a I 
(12) 

The adjusted parameters are the relaxation frequencies 
f810w and ffast, the relaxation strengths ACslow and ACfast, 
and the parameter a, which characterizes the width of the 
slower process. Fortunately, both relaxation processes 
showed up in the limited frequency window of the 
mechanical spectrometer. To improve the accuracy of the 
parameters, the spectra of C' and C" were fitted simul- 
taneously, so that the five unknown parameters were 
adjusted by use of 22 data points. 

The temperature dependences of the relaxation fre- 
quencies and relaxation strengths are represented in 
Figures 7 (LCE-1) and 8(LCE-5). For both samples, the 
two relaxation processes show a critical behavior: ap- 
proaching the clearing point from high temperatures, the 
relaxation strengths diverge and the relaxation frequencies 
show a critical slowing down. The large error bars of fslow 
and AC810w originate from the fact that only half of the 
slow relaxation process lies in the frequency window of 
the apparatus (refer to Figures 5 and 6). To describe the 
temperature dependence of the relaxation strength, the 
equation 

AC(T) = - A +ACo T - TN* 
was fitted to the data. Equation 13 corresponds to eq 28 
given in the next section, with an additional contribution 
ACo accounting for a temperature-independent back- 
ground. In the case of the relaxation frequencies of LCE- 
1, straight lines 

f (T) = M(T-  TN*) (14) 
corresponding to eq 27 (next section) could be fitted to 
the data. The derived fit parameters are given in Table 
11. 

The data of LCE-1 were obtained in two different 
measurements; the measurement in the temperature range 
59 I T < 63.5 "C was performed much later than a first 
measurement in the range 62 I T I  72 "C. In Figure 7c, 
showing ffast, a slight shift between the two data sets is 
visible. A probable reason for this shift is a lowering of 
the clearing temperature, caused by a partial chemical 
decomposition of the sample. For the fitting of eq 14 to 
the data, only the measurement near TNI (X)  is used. 

Comparison of Figures 7 and 8 allows conclusions about 
the effect of the cross-linking density on relaxation 
frequencies and relaxation strengths. While the values of 
falow in Figures 7a and 8a as well as the values of ffaBt in 
Figures 7c and 8c are quite similar, there is a strong effect 
of the cross-linking density on the relaxation strengths. 
Comparison of Figures 7b and 8b and of Figures 7d and 
8d shows that the relaxation strengths ACalow and ACf,t 
are much stronger in the case of the lower cross-linked 
sample LCE-1 than in the case of the higher cross-linked 
sample LCE-5. Hence, it was found that relaxation 
frequencies show only a weak dependence on the cross- 
linking density, while there is a strong effect of the cross- 
linking density on the relaxation strengths. 

Phase Shift between Strain and Birefringence. A 
peculiar result of the measurement is shown in Figure 9. 
The phase shift rC. = cp- 6 between strain and birefringence 
signal can be positive as well as negative. At first sight 
a negative sign of this phase means that  the sample 

0.3 - 
N r 
u 

0.2 

0.1 

O' 60 ' 62 ' 64 ' 66 ' 68 ' 70 ' 7)2 
T ["CI 

+ 10 

60 62 64 66 68 70 72 

Figure 7. Temperature dependence of the relaxation frequencies 
and strengths fdow (a), AC,l, (b), frut (c), and ACrh (d) of LCE-1 
as derived from the curve fitting. 

becomes birefringent before it is strained. Obviously, the 
simple picture that a stress applied to the sample first 
causes a strain in the network, which subsequently affects 
the liquid crystalline order and therefore the birefringence, 
has to be modified. We shall come back to this point in 
the discussion. 

Discussion 

Landau-de Gennes Theory. The results are discussed 
within the scope of the Landau-de Gennes theory.%' De 
Gennes described the free energy density f of a nematic 
liquid crystal in the neighborhood of the nematic-isotropic 
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temperature T* is located slightly below the nematic- 
isotropic phase transition and can be determined by 
investigating the near-critical behavior of the liquid crystal 
in the isotropic phase: the mesogens behave in the isotropic 
phase as if there would be a second-order phase transition 
at P. 

To describe liquid crystalline elastomers, de Gennes 
extended eq 15 by additional terms, leading to5 

I 
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Figure 8. Temperature dependence of the relaxation frequencies 
and strengths hm (a), ACdm (b), ftut (c), and ActMt (d) of LCE-5 
aa derived from the curve fitting. 
phase transition as a power series in the order parameter 
S 

A B C  
2 f = f o  + -s2 - $3 + as4 (15) 

where the value of S in thermodynamic equilibrium is 
derived by minimizing f with respect to S. Due to the 
symmetry there exista no linear term in S. The coefficients 
B and C are only weakly temperature dependent and 
therefore assumed as constant. The characteristic feature 
is the temperature dependence of A ,  given by 

A(T) = a(T - P)  (16) 
with a denoting a temperature-independent constant. The 

A B C  1 f = f o  + -S2 - -S3 + -S4 - USt + -Et2 - ut 2 3 4  2 (17) 

where u is the applied stress, t the strain of the sample, 
E the static elastic modulus, and U the coupling constant 
between strain and order parameter. The equilibrium 
values of S and e are again calculated by minimizing eq 
17 with respect to Sand c. Minimization of f in  eq 17 with 
respect to t leads to 

1 u  
E E  teq = -u + -s (18) 

In addition to the applied stress, the liquid crystalline 
order can also affect the strain of the sample. Even if 
there is no external stress, a spontaneous deformation of 
the network occurs in the nematic phase.14 Inserting eq 
18 in eq 17 results in 

U a  B C 2  f = f  - -US+-(T-T  * S2--S3+-S4-C (19) O E  2 N ,  3 4 2E 
where TN* is given by 

T , * = T * + -  u2 
Ea (20) 

TN* plays now the role of T* as a hypothetical second- 
order phase transition temperature located below the 
clearing point. Warner et al. pointed out that an increase 
of T* as predicted by eq 20 should occur only if the network 
formation is performed in the nematic phase, since this 
leads to a stabilization of this phase.16 To the contrary, 
cross-linking above the clearing point should stabilize the 
isotropic phase. In this case a lowering of T* is expected. 
For the interpretation of our experiments the shift of !P 
due to cross-linking plays only a minor role, since we do 
not compare cross-linked and un-cross-linked systems. So, 
for reasons of simplicity, we interpret our data in terms 
of the Landau-de Gennes theory. 

In the isotropic phase, where S is small, the third- and 
fourth-order terms in S in eq 19 can be neglected. 
Minimizing f then results in the temperature dependence 
of the equilibrium value of the order parameter in the 
isotropic phase: 

When TN* is approached from high temperatures, the 
order parameter of the stressed sample shows a critical 
divergence. Since the birefringence and the static stress- 
optical coefficient are proportional to S ,  they show the 
same critical behavior: 

Here Anmar is the birefringence in the case of a perfect 
alignment state of the mesogens (S = 1). 



Macromolecules, Vol. 26, No. 16, 1993 Dynamic Stress-Optical Behavior in Two LCEs 4231 

Table 11. Parameters Derived from the Fitting of the Spectra of 0%) 

sample process M, 1P Hz/K TN*, 'C A, K/Pa TN*, O C  ACo, 10-9 Pa-' 
LCE-1 slow 26 * 5 59.0 0.5 249 * 32 59.0 f 0.2 37.7 f 3.8 

fast 923 46 58.5 * 0.1 152 14 58.1 f 0.2 1.0 f 1.5 
LCE-5 slow 26 f 9 61.7 f 0.7 15.5 i 0.9 

relaxation frequency relaxation strength 

fast 

401 0 I 

-30\.00 1.01 1.02 1.03 1.04 1.05 I.& 
T/Tti, 

Figure 9. Temperature dependence of the phase shift + = cp - 
6 between strain and birefringence, measured at f = 3 Hz. Values 
greater than zero indicate that the strain signal precedes the 
birefringence signal. 

To describe the dynamical behavior of the order 
parameter, de Gennes introduced the phenomenological 
equation7Je 

as = -LLY 
at as 

where L is a phenomenological kinetic coefficient. In- 
serting the quadratic approximation of eq 19 into eq 24 
results in 

as U - = -Lu(T - TN*)S + -LO at E 
Equation 25 is solved by 

S(t )  = s,, @(to)  - s,) exp[-La(T - T N * ) ~ ]  (26) 
The stress-optical coefficient exhibits the same exponential 
dynamical behavior. In the frequency domain it shows 
up as a Debye process with relaxation frequency 

and a relaxation strength 
I T  1 

Equation 27 indicates a critical slowing down upon 
approaching TN*. It  corresponds to eq 14, which was used 
in the analysis of the temperature dependence of the 
experimentally determined relaxation frequencies. The 
critical divergence of the relaxation strength, expressed 
by eq 28, is the basis for eq 13, used to fit the measured 
relaxation strengths. Note that in the derivation of the 
dynamical behavior the free energy density of eq 19 is 
used, which is only valid for the equilibrium strain. Hence, 
the eqs 25-28 are only valid if the strain relaxes on a shorter 
time scale than the order parameter. 

The cross-linking density n, enters into the Landau-de 
Gennes theory through E and U. According to de Gennes, 
the coupling constant U should be proportional to the 
cross-linking density, as is the case for the elastic modulus 
E.6 Hence, one expects an effect of n, on TN*, but no 
effect of n, on the relaxation frequencies and relaxation 
strengths AC (only the quotient UIE enters in eqs 21-23, 

11 f 3 60.5 f 0.5 1.0 0.3 

25,27, and 28, and this quotient should be independent 
of nx). 

The reason for the invariance of AC with regard to n, 
in the Landau-de Gennes model can be understood in a 
slightly modified description. To characterize the ani- 
sotropy of the stretched polymer network, we introduce 
an orientational order parameter of the backbone segments 
SB, defined in analogy to the liquid crystalline order 
parameter:17 

(29) 

Here, PZ is the second Legendre polynomial and 6s is the 
angle between a chain segment and the stretching direction. 
It is a basic property of ordinary rubbers that the stress- 
optical coefficient is independent of the cross-linking 
density.l1JZ Networks with different cross-linking den- 
sities experiencing stresses of the same magnitude show 
the same birefringence and therefore the same backbone 
order parameter Sg. For the backbone chains in liquid 
crystalline elastomers in the isotropic phase, the same 
behavior is expected: the backbone anisotropy should also 
be independent of the cross-linking density. 

Using the order parameters S and SB, it is reasonable 
to describe the coupling energy between the backbone 
segments and the mesogenic side groups by a term 

f c  = -vssB (30) 
Since f c  is thought to account for the local interaction 
between the two kinds of segments, the coupling strength 
V should be independent of the cross-linking density. 

De Gennes' assumption U - n, is equivalent to eq 30. 
This becomes clear by considering first that the relation 
between backbone order parameter SB and the strain is 
given by 

SB = C U  = CEt (31) 

Here is a constant independent of n,, which in the case 
of ordinary rubbers is proportional to the stress-optical 
coefficient. Using eq 31, the Landau-de Gennes free 
energy given in eq 17 can be expressed as a function of S 
and SB instead of S and e: 

3 
2 2 S B  = ( ~ ~ ( C O S ( 6 B ) ) )  = -(COS2(6B)) -- 

Comparison of the coupling terms in eqs 17 and 32 shows 
U 

v=E (33) 

or 

U =  CVE - n, (34) 
Instead of using eq 17, a discussion of the static and 
dynamic properties of liquid crystalline elastomers can 
also be based on eq 32. 
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Comparison between Theory and Experiment. As 
predicted by the Landau-de Gennes theory, the relaxation 
strengths of the reorientation processes diverge and the 
relaxation rates show a critical slowing down when the 
temperature approaches TN* in the isotropic phase. 

Equation 18 explains the lengthening of the sample 
which accompanies the transition to the nematic phase, 
shown in Figure 4. Kaufhold et al. have already inves- 
tigated the validity of eq 18 by static stress-optical 
measurements and found a good 

The appearance of two relaxation processes in the 
spectra of the stress-optical coefficient may be due to the 
special coupling of the spacer to the side of the mesogen. 
In dynamical Kerr effect measurements on liquid crys- 
talline side group polymers of the same general type also 
two relaxation processes have been reported.’* The 
existence of the two processes probably originates from 
the fact that due to the lateral coupling of the spacer to 
the mesogen the two short molecular reorientation axes 
are no longer equivalent. The mesogens behave in a 
“dynamically biaxial” manner. For a rotation of a mesogen 
around the short axis “I”, oriented perpendicular to the 
spacer axis and the long axis of the mesogenic group, the 
spacer and a part of the backbone have to join the motion. 
In contrast to this, a rotation of a mesogen around the 
short axis “II”, oriented parallel to the spacer axis, can 
take place without a movement of spacer and backbone. 
Hence, the slow process in the measured spectrum of the 
stress-optical coefficient could be associated with a rotation 
of the mesogens around the axis “I“, where the backbone 
causes a slowing down and a broadening of the process; 
the fast process in the spectrum probably originates from 
a rotation of the mesogens around the axis “11”. 

The observed strong dependence of the relaxation 
strengths on the cross-linking densities is in contrast to 
the predictions of the Landau-de Gennes theory. A high 
cross-linking density causes low relaxation strengths. 
Similarly, the mesaured lengthening of a sample in the 
nematic phase (Figure 4) is also strongly dependent on 
cross-linking density. The lengthening of the sample 
LCE-1 with lower cross-linking density is much larger than 
the lengthening of the higher cross-linked sample LCE-5. 
This behavior is also in contrast to a prediction of the 
Landau-de Gennes theory regarding eq 18. An explana- 
tion of the observed dependence on the degree of cross- 
linking can be offered if it is assumed that the cross-linking 
points locally perturb the liquid crystalline order. In 
limited regions around the cross-links the order parameter 
is greatly reduced. The higher cross-linked sample has 
more defects and therefore a lower average order param- 
eter. Hence, it shows lower relaxation strengths in the 
isotropic phase and a smaller lengthening in the nematic 
phase. On the other hand, as expected in this situation, 
the relaxation rates remain unchanged. 

A second point, which a t  a first glance does not 
correspond to the spirit of the Landau-de Gennes theory, 
is the measured phase angle between strain and birefrin- 
gence, which is not always positive (see Figure 9). In the 
Landau-de Gennes theory, a direct coupling (-ut) between 
the stress u and the strain e is assumed. The orientational 
order S of the mesogenic groups and hence the birefrin- 
gence then result from the interaction of the mesogens 
with the stretched anisotropic network (-US€). Hence, a t  
first sight it looks unreasonable that the sample becomes 
birefringent before it is strained. Furthermore, eqs 27 
and 28, which are used for the discussion of the measured 
relaxation frequencies and relaxation strengths, are only 
valid if the strain of the sample is built up on a shorter 

time scale than the liquid crystalline order. To overcome 
these difficulties, a closer look a t  the mechanical behavior 
of a sample is necessary. The relaxation process which 
transforms the sample from the glassy into the rubbery 
state exhibits a broad time distribution. The short time 
contributions are associated with the chain motion for 
fixed chemical and physical junction points in the network, 
while the long time contributions are mainly related to an 
entanglement slipping. On applying a constant stress, the 
anisotropy of the network turns up with the short time 
contributions, while the entanglement slipping a t  later 
times leaves SB essentially unchanged. This picture is 
also supported by the results of simultaneous oscillatory 
mechanical and stress-optical measurements on polymer 
melts performed by Vinogradov et al.le I t  was observed 
that stress and birefringence are in phase while the strain 
is delayed. For non-liquid crystalline samples, the bire- 
fringence is a measure for the backbone order parameter, 
as already mentioned in connection with eq 31. The phase 
angle between stress and strain and therefore between 
birefringence and strain shows that there are slow relax- 
ation processes in the mechanical spectrum like the 
entanglement slipping which do not affect the anisotropy 
of the temporary network in the melt. In the temperature 
rangeof the experiment (T> TNI = 60 “C), the mechanical 
relaxation in the frequency window of the apparatus is 
dominated by entanglement slipping. Hence, it has 
nothing to do with the measured stress-optical processes, 
which are triggered by faster contributions of the me- 
chanical spectrum. Considering this behavior, it  appears 
that the description of the coupling in eq 32 (-VSSB) is 
more appropriate than the notation as in eq 17 (-Use). 
The strain contains all contributions of the mechanical 
spectrum, those of the temporary network and the 
entanglement slip, whereas only the first ones are relevant. 

Conclusion 

Two liquid crystalline elastomers with different cross- 
linking densities were examined by dynamic mechanical 
and dynamic stress-optical measurements. In the isotropic 
phase, the spectra of the stress-optical coefficient C* can 
be interpreted with the help of two relaxation processes, 
which can be resolved by fitting the real and imaginary 
parts of C* simultaneously. The appearance of two 
processes is probably due to the lateral coupling of the 
spacers to the mesogens, which results in a difference in 
the rotational mobility for the two short axes. Both 
relaxation processes show critical behavior which is in 
qualitative agreement with the Landau-de Gennes theory. 
A higher cross-linking density leads to lower relaxation 
strengths. This observation is indicative for a perturbation 
of the liquid crystalline order around the cross-linking 
points. Only the fast contributions to the mechanical 
spectrum change the anisotropy of the network and 
therefore trigger the stress-optical processes. On the other 
hand, the mechanical process showing up in the frequency 
window of the experiment appears to be mainly associated 
with an entanglement slip. I t  has no effect on the 
anisotropy of the network and therefore on the liquid 
crystalline order and the stress-optical coefficient. 
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