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ABSTRACT: A liquid crystal monomer (LCM) was synthesized and attached as a side chain to a siloxane
polymer (SCLCP). The molecular dynamics of LCM and SCLCP were investigated by broad-band dielectric
relaxation spectroscopy (DRS) over 10 decades of frequency. The surface treatment of the electrodes was
found to have a pronounced effect on the macroscopic alignment and dynamics. In the isotropic state the
relaxations in LCM and SCLCP are well-described by the Kohlrausch-Williams-Watts (KWW) functional
form. In the LC state, the overall dielectric response is a weighted sum of two dispersions that depend
on the macroscopic alignment. The hometropic (H) alignment is dominated by the (slower) δ process,
while the planar (P) alignment is dominated by the (faster) Rm process. Both processes are symmetric
and can be described by Cole-Cole (CC) or Fuoss-Kirkwood (FK) functional forms. The δ process governs
the dynamics in the SCLCP near the glass transition, similar to the segmental R process in non-LC glass
formers. Excellent agreement was observed with the various aspects of the seminal work by Attard and
Williams.

Introduction

The molecular dynamics of liquid crystal (LC) mol-
ecules are complex,1-7 and our understanding of the
reorientational motions in these anisotropic systems
over a broad range of temperature and frequency
remains incomplete despite a number of experimental
and theoretical investigations.

A variety of experimental methods have been used
to identify and characterize the structure and phase
behavior of LC materials, including differential scan-
ning calorimetry (DSC), optical microscopy (OM), X-ray
diffraction, neutron scattering, fluorescence depolariza-
tion, dynamic mechanical analysis (DMA), thermome-
chanical analysis (TMA), and dielectric relaxation spec-
troscopy (DRS). Of these methods, broad-band DRS is
particularly suitable for the study of reorientational
dynamics. The great attraction of DRS derives from an
unparalleled frequency range available (up to 16 de-
cades) that enables one to conduct fundamental studies
of molecular dynamics of condensed matter in various
phases and at different temperatures: from amorphous
liquids to liquid crystals to an amorphous or crystalline
glass; from high temperature, where the dipole relax-
ation times are of the order of tens of picoseconds,
through the vitrification process where relaxation times
in the glassy state reach tens to hundreds of seconds.
There is also a strong practical motivation for the study
of dynamics by DRS: consider, for example, that electric
field-induced switching of LC displays is rooted in the
anisotropy of the dielectric permittivitysthe principal
parameter measured by DRS. The theoretical treatment
of the dielectric response of monodomain and poly-
domain LCs is given in the literature,8-12 and only its
salient features of direct relevance to this work are
recapped below.

Theoretical Background
Relationship between dielectric permittivity and the

dipole moment correlation function for isotropic amor-
phous systems13-15 can be generalized further to account
for anisotropic LC systems, as described in seminal
contributions by Williams, Attard, and co-workers.8-12

For the simple case where the internal field factors are
set to unity, two principal complex permittivities, ε|(ω)
and ε⊥(ω), in an axially symmetric LC phase are written
as

where γ ) || or ⊥. The two permittivities, ε|(ω) and ε⊥(ω),
are measured parallel and perpendicular to the princi-
pal axis, respectively. For simplicity, only the autocor-
relation terms are included in eq 2, although cross-
correlation terms can be readily introduced formally for
an LC.12 The form that the correlation function takes
in an LC depends on the macroscopic alignment of the
sample. Araki et al.10 have developed a general relation-
ship between the principal complex permittivities and
the correlation function for the dipole motion, shown in
eqs 3 and 4:
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In eqs 3 and 4, µl and µt are the longitudinal and
transverse dipole moments in the mesogens, respec-
tively; G is a term involving the concentration of dipolar
mesogenic group; S is the local order parameter and the
Fourier transform relation gives F:

The measured permittivity along the direction of the
electric field (Z-direction) in an (arbitrarily) macroscopi-
cally aligned sample is written as9

where Sd is the macroscopic director order parameter
and θnZ is the angle between the director axis and the
measuring field direction. Sd is equal to 0, 1.0, and -0.5
for an unaligned, fully H-aligned, and fully P-aligned,
respectively. The permittivity in an arbitrarily aligned
sample is a weighted sum of the four relaxation modes
(two involve µ|, 00, 10 and two involve µ⊥, 01, 11). The
F|

l(ω) region (00) is believed to be associated with the
end-over-end reorientation of the long molecular axis
and appears at lower frequency due to the nematic
potential barrier.16 This relaxation is often referred as
the δ process and is specific to the mesophase. The
F|

t(ω) (01) region is related to the fast rotation of
molecule along its long axis, which also fluctuates about
the director over a limited solid angle on a similar time
scale. F⊥

l (ω) (10) and F⊥
t (ω) (11) involve fast rotations

of a molecule about the long axis and fluctuations in a
small angle about the director. Taking relaxation in the
isotropic state as a reference, F|

l(ω) should be signifi-
cantly slower than F|

t(ω), F⊥
l (ω), and F⊥

t (ω). In fact, it
was shown by Nordio17 that the average relaxation
times τij for small-step diffusion in the nematic potential
is as follows: τ00 > τ01 g τ11 g τ10.

The dipole moment correlation function in isotropic
systems is most often quantified via a stretched expo-
nential function of the Kohlrausch-Williams-Watts18

(KWW) type. The relaxation spectra in the LC phase,
however, are more symmetric, and the Fuoss-Kirkwood
(FK) empirical function is often used instead. The
relaxation kernel can be also evaluated from the real
or imaginary (they are related by the Kramers-Kronig
transform) portion of the measured permittivity. In this
study, however, instead of transforming the frequency
domain dielectric data into the time domain using a
discrete Fourier transform, where spectral features may
be truncated, we transform the relaxation kernel into
the frequency domain, following Dishon et al.19 Alter-
natively, ε* may be modeled by an empirical functions
in the frequency domain; a particularly popular and
robust form is the Havriliak-Negami20 (HN) function,
which was employed here with an additional conductiv-
ity term.

The principal objectives of this study are (1) to
contrast the dynamics of LC monomer (LCM) and side-
chain LC polymer (SCLCP) over 10 decades of fre-
quency, (2) to investigate the effect of surface treatment
on the alignment and the dielectric response of LCM
and SCLCP, and (3) to compare the temperature de-

pendence of relaxation processes in LC and non-LC
glass formers.

Experimental Section
Materials. LCM (3) was synthesized by reacting 4′-hydroxy-

4-biphenylcarbonitrile (1) and ω-alkenyl bromide (2). Both
compounds were supplied by Aldrich Chemical Co. SCLCP (5)
was prepared by reacting the LCM (3) with poly(hydrogen
methylsiloxane) (4), obtained from United Chemical Technolo-
gies Inc., with average molecular weight, Mn ) 4000 g/mol.
The synthesis was onducted according to the published
procedure.21-23 The product (5) was dried at 45 °C under
vacuum for 1 week to remove the residual solvent prior to
measurements.

Techniques. The principal experimental tool that we have
used is broad-band dielectric relaxation spectroscopy (DRS).
Of the experimental techniques available for the study of
relaxation processes in polymeric and molecular glass formers,
DRS is rapidly becoming a dominant tool.24-27 A more detailed
description of our experimental facility for dielectric measure-
ments is given elsewhere,28,29 and several excellent reviews of
experimental methodology for dielectric measurements were
recently published.30-32 However, briefly, we have used Solar-
ton 1260 impedance gain phase analyzer (10 µHz-32 MHz)
with broad-band dielectric converter (Novocontrol GmBh),
Hewlett-Packard (HP) 4284 A Precision LCR meter (20 Hz-1
MHz), and Hewlett-Packard 4291 A RF impedance analyzer
(1 MHz-1.8 GHz). All instruments are interfaced to computers
via IEEE 488.2 and are equipped with heating/cooling capa-
bilities, including Novocontrol’s Novocool system. Parallel plate
configuration was used, and the sample thickness was 50 µm.
Supporting evidence was obtained from Fourier transform
infrared (FTIR) spectroscopy, using Nicolet Instrument’s Mag-
na 750 spectrometer as described elsewhere,33 differential
scanning calorimetry (DSC), using TA instrument DSC model
2920 at a heating rate of 10 °C/min, and optical microscopy
(OM) using a Nikon HFX-II optical microscope.

As will be made amply clear in the text, the surface
treatment of the electrodes used for dielectric measurement
is of crucial importance. Two different types of surfaces were
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used: (1) clean polished copper surfaces and (2) polyimide-
(PI)-coated surfaces. The latter were prepared as follows: poly-
(3,3′,4,4′-benzophenonetetracarboxylic dianhydride-co-4,4′-
oxydianiline/1,3-phenylenediamine) amic acid solution was
spin-coated onto a clean copper electrode. The coated electrodes
were placed in an oven at 200 °C for 3 h, and the coated surface
was rubbed with velvet prior to applying the sample. The
thickness of the coated PI film was less than 1 µm, and its
contribution to the measured dielectric response was consid-
ered negligible.

A final comment: in selecting the above-described LCMs
and SCLCPs, we have built largely upon the earlier work by
Attard, Williams, and their colleagues. There are, however,
several aspects of our work that are original and noteworthy:
(1) the use of a considerably broader frequency range, (2) a
simultaneous study of LCM and its SCLCP, (3) the use of
different (and novel) surface treatments to align samples, and
(4) a direct comparison of relaxation characteristics in the
isotropic and LC phase.

Results and Discussion

The presentation of our results is divided into two
parts: part one focuses on the dynamics of the LCM
while part two discusses the dynamics of the SCLCP.

LC Monomer (LCM) Dynamics. We begin by
examining the DSC thermogram shown in Figure 1. A
sharp melting peak (Tm) is observed at 80 °C during
heating (upper trace). Two sharp peaks are clearly seen
during cooling (lower trace); a peak at 77 °C associated
with the transition from the isotropic to the nematic
state (Ti ) clearing temperature) and a peak at 53 °C
(Tc) due to crystallization. Therefore, this LCM can be
rendered liquid crystalline by cooling to a temperature
between Ti and Tc.

It is well-known that the orientation in LC materials,
LCMs and LC polymers (LCPs) alike, can be induced
by a contact with different surfaces, and that has
important implications in dielectric measurements where
samples are commonly contained between two elec-
trodes. As we shall demonstrate below, substantial
homeotropic (H: Sd ) 1), planar (P: Sd ) -0.5), and
random alignment (Sd ) 0) can all be induced in our
samples by an appropriate choice of the electrode
surface.

Dielectric loss in the frequency domain with temper-
ature as a parameter, measured using three different
electrode surfaces, is shown in Figure 2A-C. Let us
begin by examining Figure 2A, which was obtained
using clean copper electrodes. We start at high temper-
ature, where the material is isotropic. The data show
the R process, common to all glass-formers, located at

about 200 MHz at 90 °C. The R process shifts gradually
to lower frequency and decreases in intensity with
decreasing temperature between 90 and 78 °C. Between
78 and 76 °C, however, an abrupt change is observed;
the relaxation peak shifts to lower frequency by more
than half decade while its intensity increases consider-
ably. These changes are a signature of the phase
transition (I-N, isotropic to nematic), and the temper-
ature at which this takes place is in agreement with
the DCS result (Ti ) 77 °C). We defer further analysis
of these results until later in order to promptly empha-
size the strikingly different result obtained with PI-
coated electrodes, shown in Figure 2B. Actually, the
behavior described in parts A and B of Figure 2 is
identical above but vastly different below the isotropic
to nematic transition. As the temperature is decreased
below Ti, the relaxation peak (Figure 2B) shifts to higher
frequency and decreases in strength. At still lower
temperature (e.g., 60 °C), another relaxation process
emerges (becomes visible) at a frequency similar to that
of the peak in Figure 2A.

The observation that the dielectric response in the LC
state depends strongly on the surface treatment of the
electrodes suggests that a different macroscopic align-
ment was induced in those two cases. Before proceeding
with DRS analysis, we sought supporting evidence from
polarized optical microscopy (POM). Figure 3 contains
a series of micrographs of our LCM obtained during the
I-N transition on the clean glass surfaces (Figure 3A,B)
and the PI-treated surfaces (Figure 3C-E). All samples
are isotropic above 78 °C as judged by the black
background observed under the polarized light. Figure

Figure 1. DSC thermograms of LCM.

Figure 2. Dielectric loss in the frequency domain with
temperature as a parameter for LCM: (A) clean copper
electrodes, (B) PI-coated electrodes, (C) clean/PI-coated elec-
trodes.
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3A,B describes the change in texture during cooling of
a sample on clean surfaces. The decrease in temperature
to 76 °C is accompanied by the formation of bright
droplets which are known to characterize the nematic
phase of LCMs and LCPs. The micrograph shown in
Figure 3A was taken during that transition, and the
characteristic Schlieren pattern is clearly observed. But
a few seconds later the background turns black again,
and only sporadic bright spots remain visible (Figure
3B). The dark areas that reappear are a result of the
spontaneous orientation in the mesophase that gives
rise to the formation of a homeotropic texture. The
development of a planar alignment from an isotropic
mixture is shown in Figure 3C,D. The formation of
bright droplets (unaligned nematic phase) from the
isotropic liquid is shown in Figure 3C. Further expan-
sion and orientation of the LC regions give rise to the
texture observed in Figure 3D. Finally, a uniform planar
texture is achieved (Figure 3E).

Let us now briefly contrast the measured dielectric
respones with the theoretical prediction. According to
eq 3, two relaxation domains should be observed in the
homeotropic LC state. Figure 2A shows that two relax-
ations are indeed present: a stronger, slow process and
a weaker, fast process (high-frequency end of Figure

2A). The slower relaxation is associated with the δ
process (mode 00) while the faster relaxation is related
to mode 01, in line with the earlier studies. For fully
planar alignment the δ process should be absent, and
the loss curve should be dominated by modes 10 and
11. We see in Figure 2B that the loss spectrum in the
LC state is indeed dominated by a broad fast process.
The presence of a low-frequency shoulder (clearly seen
at 60 °C) is taken as indication that the sample is not
completely planar. Careful inspection of the spectra of
Figure 2A,B reveals similar frequency location for
modes 01, 10, and 11, in further agreement with
calculations of the average relaxation times for small-
step diffusion in the nematic potential (eq 7). For clarity,
the broad dispersion that encompasses the contributions
of modes 01, 10, and 11 is termed Rm, where subscript
“m” denotes mesophase.

We have established above that H and P alignments
are preferred on clean and PI-treated surfaces, respec-
tively. A question arises: what if the measurement cell
is made up of one clean and one PI-treated electrode?
We prepared and tested such sample, and, interestingly,
discovered that the ensuing alignment was approxi-
mately random. This result is shown in Figure 2C. Two
relaxations of comparable strength, δ and Rm, in as-

Figure 3. Polarized optical micrographs of LCM during the I-N transition: (A, B) on clean glass surfaces; (C-E) on PI-coated
glass surfaces.
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cending order of frequency, are clearly observed in the
mesophase. Since one electrode induces H and the other
P alignment, the director must make its way from one
surface to the other in a continuous manner. Therefore,
the director effectively splays from the vertical to
horizontal on going from H to P alignment. It is
apparent that the averaging over elements lying be-
tween parallel and perpendicular will give a result
intermediate between H and P alignments, close to the
nominally unaligned sample. However, this situation is
very different from a randomly orientated polydomain
for which Sd ) 0. It is also interesting to note that the
composite alignment observed in this sample cannot be
realized with electric or magnetic fields since the
dissimilar electrodes allow a symmetry-breaking con-
figuration to be achieved.

The frequency of maximum loss for different relax-
ation processes is plotted as a function of temperature
in Figure 4. The data obtained on clean surfaces (solid
diamonds) and PI-tretaed surfaces (open diamonds) fall
on top of each other above the Ti, indicating that the
effect of surface treatment on the R process in the
isotropic state is negligible. The splitting of the R process
into two processes, δ and Rm, occurs in the LC state,
following the I-N transition. With decreasing temper-
ature, the Rm process shifts to higher frequency and the
δ process to lower frequency. Within the temperature
range of Figure 4, both R (isotropic state) and δ
processes are Arrhenius, with an activation energy of
42.5 and 83.6 kJ/mol, respectively. Note that the δ
process shows a much stronger temperature dependence
(Ea is doubled, probably due to the interactions in the
nematic phase that hinder the end-over-end reorienta-
tion). It is also interesting that the activation energies
for R and δ processes fall in the range of values
commonly found for the localized â relaxations (typically
between 10 and 100 kJ/mol), suggesting that the mo-
lecular motions in this LCM are less cooperative.

We now examine the shape of various relaxation
processes. As shown in Figure 2, only the R process is
observed in the isotropic state (T > Ti), while two
disperisons (δ, Rm) are detected in the LC state (Ti > T
> Tc). The frequency location of modes 01, 10, and 11
was similar but, at the same time, well-separated from
the δ process (mode 00). Consequently, the loss spec-

trum in the LC state was taken to consist of two
processes, δ and Rm, and deconvolution was carried out.
These results are summarized in Table 1 and are
discussed next. We consider the isotropic state first. The
R process is well described by the KWW function, and
the loss peak becomes narrower with increasing tem-
parture. For example, KWW â is 0.69 at 70 °C and 0.72
at 90 °C, considerably greater than the typical value
for most amorphous polymers (about 0.5). We note that
the motions of elongated mesogenic groups will be
anisotropic even in the isotropic state, with different
rotational diffusion coefficients about the long and short
axes that would account for the observed KWW func-
tional form. Such motions are entirely different from
the relaxation modes in the LC state where isotropic
motions of the body become anisotropic due to the
imposed anisotropic potential of the LC that is external
to the mesogenic group. The effect of alignment on the
relaxation characteristics in the LC state is shown in
Figure 5, which depicts dielectric loss in the frequency
domain (at 62 °C) measured on three different electrode
surfaces. Both measured and deconvoluted spectra are
shown. For clarity, the contribution due to dc conductiv-
ity is subtracted from the loss curve. Note the excellent
isosbestic point, clearly visible at about 90 MHz, where
permittivity is independent of macroscopic alignment.
This, of course, tells us that eq 6 works pretty well.
Deconvolution was carried out by assuming that the
overall dielectric loss was composed of two CC. The
results (Table 1) were consistent (independent of the
type of alignment), suggesting that the overall loss could
be represented by two relaxation processes. One re-
markable observation is that the δ process decays
exponentially; i.e., it can be described by the Debye
equation. The Rm process, on the other hand, is much
broader, with a CC â value of about 0.7. We note that
the Debye-like dispersion has been reported for other
LCMs12,34 and SCLCPs.10,16,35,36 It was speculated that
since δ relaxation is associated with the end-over-end
rotation of the mesogen, these motions must pass over
180° and are therefore likely to experience a rather
uniform environment that is conducive to a Debye-like
relaxation.

Quantitative evaluation of parameters S and µl
2/µt

2

can be made directly from dielectric measurements,35,36

though a rigorous attempt at such calculation is difficult
for several reasons. First, we have not measured the
macroscopic order parameter Sd. And second (as pointed
out by Attard and Williams35,36), the calculated param-
eter is very sensitive to the deconvolution of Rm and δ
processes. Nonetheless, the following calculation was
performed. On the basis of the observations from POM,
we assumed that the sample measured on clean surfaces
was homeotropic and that enabled us to estimate the
macroscopic order parameter for the other two mea-
surements. Making use of eqs 3, 4, and 6, the relaxation
strength associated with the δ process in an arbitrarily
aligned sample can be expressed as

where superscripts a and || denote arbitrary and homeo-
tropic alignment, respectively. By utilizing data in Table
1, we obtain the macroscopic order parameter S of
-0.425 and -0.0536 for samples measured under the
conditions specified as e and f, respectively, in Table 1.

Figure 4. Frequency at maximum loss as a function of
reciprocal temperature for R, Rm, and δ processes in LCM.

∆ε00
a ) (1 + 2Sd

3 )∆ε00
| (8)
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The calculated values suggest that the alignment of
samples under those specified conditions is very close
to planar and random, respectively. It should be pointed
out that the value of Sd ≈ 0 (for sample specified as f in
Table 1) does not automatically imply random align-
ment. Sd ≈ 0 may also arise from the rotation of the
local director from H (clean electrode) to P (PI-coated
electrode) alignment. However, the dielectric response
is identical in these two cases. The interesting question
of what happens to relaxation dynamics when this LCM
is attached to a polymer backbone was addressed next.

Side-Chain LC Polymer (SCLCP) Dynamics. The
DSC thermogram of the SCLCP, shown in Figure 6,
reveals a glass transition at 25 °C (onset temperature)
and a phase transition at 122 °C, in agreement with
the results reported in the literature.19 Optical micro-

graphs show a smectic texture below the clearing point.
A characteristic batonnet pattern is observed at 122 °C,
just below the Ti (Figure 7A), and the texture becomes
more complex at lower temperature (Figure 7B).

The relaxation behavior of this SCLCP is similar to
that of the LCM and is also strongly influenced by the
surface treatment of the electrodes. H-alignment is
favored when clean copper electrodes are used, while
P-alignment is promoted on the PI-treated surfaces.
Dielectric loss in the frequency domain with tempera-
ture as a parameter is shown in parts A and B of Figure
8 for the measurements on clean and PI-treated elec-
trode surfaces, respectively. Note that the loss spectra
of Figure 8 cover 10 decades of frequency and a wide
range of temperature in which our sample is in isotropic,
liquid crystalline, and glassy state. Data in Figure 8A
are examined first. The R process, characteristically
skewed at high frequency, is observed above Ti. The loss
peak broadens on approaching the I-S transition, as
can be seen in the spectrum obtained at 125 °C in Figure
8A. Below Ti, the loss spectrum is characterized by a
dominant, narrow δ process and a broad dispersion at
high frequency due to the Rm process. A different pattern
is observed in Figure 8B in the LC state. Here, the
strength of the δ process is decreased, while that of the
Rm process is increased. A common feature to both sets
of data (Figure 8A,B) is the apparent merging of δ and

Table 1. Fitting Results for LCM

R δ Rm

∆ε τ (s) âa ∆ε τ (s) âb ∆ε τ (s) âb

isotropicc 9.35 1.5 × 10-9 0.72
LC (A)d 16.6 2.5 × 10-8 1.0 1.5 4.4 × 10-10 0.7
LC (B)e 0.83 2.7 × 10-8 0.98 5.01 5.6 × 10-10 0.69
LC (C)f 4.88 2.5 × 10-8 0.98 4.10 6.0 × 10-10 0.7
a KWW â parameter. b CC â parameter. c Measured at 90 °C. d Measured at 62 °C, clean copper electrodes. e Measured at 62 °C, PI-

coated electrodes. f Measured at 62 °C, clean/PI-coated electrodes.

Figure 5. Dielectric loss in the frequency domain in the
mesophase (at 62 °C) measured on three different electrode
surfaces: clean copper electrodes (cross), PI-coated electrodes
(circle), clean/PI-coated electrodes (triangle).

Figure 6. DSC thermogram of SCLCP.

Figure 7. Polarized optical micrographs of SCLCP: (A) at
122 °C; (B) at 50 °C.
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Rm processes on approaching the Tg. We shall revert to
this observation later in the text.

A plot of the frequency of maximum loss for different
relaxations as a function of reciprocal temperature is
shown in Figure 9 (letters A and B in Figure 9 cor-
respond to those in Figure 8). To facilitate the presenta-
tion and discussion of these results, we subdivide Figure
9 into three regions: isotropic, transition (I-S), and
liquid crystalline. It was anticipated that the relaxation
time for the R process in the isotropic state would not
be affected by the surface treatment and that was
experimentally confirmedsall data in the isotropic
region fall on top of each other. A more complex picture
emerges in the LC state. As previously shown in Figure
8A, the Rm process is very broad, and it is difficult to
identify the loss peak maximum in the measured
spectra. Of course, the frequency of maximum loss could

be determined by deconvolution of the overall loss, but
that is not straightforward in the case of the Rm process
and we shall address this issue later. Therefore, the data
in the LC region of Figure 9 for samples A and B
represent the δ process. It is clear that the relaxation
time for the δ process is also independent of alignment,
suggesting a common relaxation mechanism. The tem-
perature dependence of the relaxation time is non-
Arrhenius; the observed curvature bears a typical
signature of cooperativity and glass transition. In this
sense the δ process resembles the R process in glass
formers, the difference in their molecular origin not-
withstanding.

Next, we focus attention on the quantitative aspects
of various relaxations and begin by considering the
shape of the R process in the isotropic state. The R
process is well described by the KWW function. The best
fit KWW â parameter of 0.5 is found, in agreement with
the value commonly found for most amorphous polymers
but much lower than the value of 0.7, obtained for the
LCM. The dielectric response of the SCLCP is domi-
nated by the reorientation of the mesogenic groups
because the dipole moment along the mesogenic group
is much greater than in the siloxane backbone, and
hence the decrease of the KWW â parameter (vis-à-vis
the LCM) may be attributed to two factors: (1) coupling
between the side chain and the backbone motions and
(2) increased complexity (heterogeneity) of the relaxing
environment (similar observation was made regarding
relaxations in the LC state).

Let us now examine in more detail the relaxation
characteristics in the LC state. We have shown above
(Figure 8) that δ and Rm processes in the LC state are
partially overlapped and separated by about 2 decades
on the frequency (time) scale. Difficulties associated
with resolving multiple relaxation processes were pointed
out by Attard and Williams,35,36 and additional informa-
tion is often required to execute a meaningful deconvo-
lution. The complexity associated with such endeavor
is clear when one considers, for example, that the overall
dielectric loss contains contributions from two relax-
ations, each of which is described by a HN function and
each requiring four adjustable parameters: relaxation
strength, relaxation time, and two shape parameters.
Too much uncertainty is associated with the deconvo-
lution based upon eight (two HN functions) parameters,
and hence we had to look for a simplified yet physically
meaningful solution. Careful inspection of the loss
spectra over a wide range of frequency and temperature
confirmed that the δ process was symmetric and narrow
and hence could be described by only three parameters
(for R ) 1, the HN equation reduces to the CC equation).
An extensive fitting procedure showed that the use of
the HN function to describe the Rm process yielded only
a marginal improvement over the CC function. We then
proceeded with deconvolution by assuming two CC
equations, and these results are summarized in Table
2. Note that deconvolution was limited to the data in
the temperature range between 105 and 75 °C. Below
that temperature, Rm and δ processes merge (see Figure
8) to form a very broad dispersion. The implication is
that the coupling between various molecular motions
is no longer negligible, resulting in a physically unsound
deconvolution. We shall revert to this issue shortly, but
first we will set the stage for the forthcoming argument
by reviewing the data in Table 2. The following relax-
ation characteristics of our SCLCP are independent of

Figure 8. Dielectric loss in the frequency domain with
temperature as a parameter for SCLCP: (A) clean copper
electrodes; (B) PI-coated electrodes.

Figure 9. Frequency at maximum loss as a function of
reciprocal temperature for R and δ processes in SCLCP.
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alignment: (1) the overall dielectric loss can be resolved
into two relaxation processes; (2) the CC â parameter
remains constant for the Rm process and decreases
slightly (but systematically) with decreasing tempera-
ture for the δ process; and (3) the relaxation strength
of the δ process increases while that of the Rm process
decreases with decreasing temperature. These observa-
tions are in agreement with the theory that predicts that
the overall loss at a given temperature should be a
weighted sum of δ and Rm processes. The CC â param-
eter for the δ process in the polymer is in the range from
0.82 to 0.88, which is broader than the Debye-like δ
process observed in the LCM but narrower than the R
process in amorphous polymers. Additionally, the CC â
parameter decreases with decreasing temperature. To-
gether, these observations imply that the δ process in
the SCLCP combines the characteristics of δ relaxation
in the LCM (it is narrow) with the characteristics of R
dynamics in amorphous polymers (it is cooperative). An
increase in cooperativity with decreasing temperature
is envisioned as a result of the enhanced coupling
between molecular motions that give rise to the Rm
process and those that contribute to the δ process. Since
the latter is considerably slower, it acts as the limiting
factor in determining the relaxation rate. This accounts
for the apparent increase in the relaxation strength of
the δ process and a simultaneous decrease in the
relaxation strength of the Rm process. This trend
becomes more pronounced as the temperature ap-
proaches Tg, and various motions become more highly
interlocked.

We have referred throughout the text to the extensive
work by Attard, Williams, and their group on similar
SCLCPs,35,36 and since we have largely built upon their
studies, a comparison with their results is in order. In
general, the relaxation characteristics of these two
SCLCPs are quite similar. Attard and Williams found
that the overall dielectric loss could be deconvoluted into
two processes (δ and Rm) using two Fuoss-Kirkwood
(FK) empirical functions.37 (We note that both CC and
FK functions give a symmetric dispersion and a similar,
but not identical, spectral shape.35,38) They reported the
FK â parameter of 0.85-0.88 for the δ process, very
close to our values, and 0.34-0.36 for the Rm process,
which is broader than in our sample. It is important to
note that the spacer length in their samples (eight CH2
groups) was considerably longer than in our sample
(three CH2 groups). Intuitively, one would assume that
the decoupling of the motions associated with the

mesogens from those of the backbone would be facili-
tated by increasing the spacer length, resulting ulti-
mately in the relaxation similar to that of the LCM. But
that was not found; the observed similarities in the
relaxation characteristics of our SCLCPs suggest that
the spacer length is not a crucial factor in determining
the relaxation behavior.

We have also shown that the temperature dependence
of the δ process is nonlinear. It is now of interest to
examine how (and if) this behavior differs from that of
a typical glass-former. It is well-known that the tem-
perature dependence of the R process in polymers can
be described by the Vogel-Fulcher-Tammann (VFT)
or the Williams-Landel-Ferry (WLF) equation, which
are mathematically equivalent. But despite the ability
to describe most (though not all) glass-formers by the
VFT (or WLF) equation, the deviation from the Arrhe-
nius behavior is different for different materials. Over
the years, various schemes have been proposed in search
for a method for obtaining a unique fingerprint or
signature of the τ(T) behavior of a material, so that
different materials may be quantitatively compared and
the parameters extracted from such a method related
to materials characteristics. Since a single indexing
parameter is desired, scalings such as T/Tg are intro-
duced to condense the parameters into one. These
indices are generally referred to as fragility indices;39,40

for the purpose of this discussion suffice it to say that
to compare fragility indices of different materials, it is
recommended to fix the VTF τ0 at the attempt frequency
value of 10-14 s. The temperature dependence of relax-
ation time for δ, Rm, and R processes is shown in Figure
10. The δ process (diamonds) is slower than the Rm
process (circles), and the two are essentially parallel
over a range of temperatures. A similar observation was
reported by Attard et al.,35 though the two processes
are expected to coalesce as Tg is approached36 because
of an increase in cooperativity with decreasing temper-
ature. We focus attention on the δ process because it
persists over a wider range of temperature. Interest-
ingly, our VFT fits were not good with τ0 fixed at 10-14

s but were excellent when the three adjustable param-
eters were allowed to change freely. The solid line in
Figure 10 represents the best fit. The fitting parameters
are τ0 ) 5.9 × 10-11 s, B ) 1395 K, and T0 ) 249.7 K,
and the extrapolated Tg at τ ) 100 s is 299 K, which
agrees very well with the onset of Tg measured by DSC
(ca. 25 °C). Recall that the Rm and the δ process were
observed to merge (Figure 8) on approaching the Tg. The

Table 2. Fitting Results for SCLCP

δ Rm

T (°C) samplea ∆ε τ (s) âb ∆ε τ (s) âb

105 A 4.80 3.6 × 10-6 0.87 0.89 6.8 × 10-8 0.44
B 0.94 3.7 × 10-6 0.88 2.96 6.6 × 10-8 0.44

100 A 4.83 5.6 × 10-6 0.86 0.88 9.1 × 10-7 0.44
B 1.04 6.1 × 10-6 0.87 2.79 8.7 × 10-8 0.43

95 A 4.86 9.1 × 10-6 0.85 0.86 1.5 × 10-7 0.44
B 1.12 1.0 × 10-5 0.87 2.64 1.3 × 10-7 0.43

90 A 4.90 1.6 × 10-5 0.85 0.84 1.9 × 10-7 0.44
B 1.22 1.7 × 10-5 0.85 2.52 2.0 × 10-7 0.43

85 A 4.98 2.8 × 10-5 0.83 0.81 2.3 × 10-7 0.44
B 1.33 3.1 × 10-5 0.84 2.39 3.2 × 10-7 0.43

80 A 5.05 5.2 × 10-5 0.83 0.78 5.2 × 10-7 0.43
B 1.43 5.7 × 10-5 0.83 2.26 5.8 × 10-7 0.44

75 A 5.10 9.6 × 10-5 0.83 0.76 8.9 × 10-7 0.43
B 1.53 1.1 × 10-4 0.82 2.19 1.0 × 10-6 0.44

a A ) clean copper electrodes, B ) PI-coated electrodes. b CC â parameter.
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decoupling of molecular motions that underlie these two
relaxations in the LC state slows down near Tg, where
the rate of molecular motions is determined by the
slower (rate limitng) δ process (in some sense this is
analogous to the R-â splitting in isotropic liquids). We
interpret this as evidence for the argument that the δ
process governs the dynamics of SCLCPs near Tg, much
like the R process does in the non-LC glass formers.

But while the VFT fits in Figure 10 are excellent, τ0
is almost 4 decades slower than the attempt frequency
value of 10-14 s. This unusual deviation is also clear in
the WLF fits.41 By setting T* ) Tg ) 25 °C (obtained
from DSC scan at 10 °C/min), we obtain an excellent fit
to the WLF equation (dashed line in Figure 10) with C1
) 12.5, C2 ) 48.3, and τ(Tg) ) 210 s. We observe that
C1 deviates considerably from the “universal” value of
16-17, while C2 is close to its “universal” value and the
relaxation time at Tg is very close to 100 s. As pointed
out by Angell,42 additional phenomena may be in play
if the C1 value is significantly different from 16 despite
the fact that Tg is well referenced. We interpret this
large deviation of C1 from its “universal” value as a
characteristics of the δ process that distinguishes this
relaxations from those in non-LC glass formers.

Conclusions
We have completed a comprehensive study of the

reorientational dynamics and macroscopic alignment in
a LCM and a SCLCP synthesized and characterized in
our laboratory. The principal conclusions are recapped
as follows. In the isotropic state, the relaxation in LCM
and SCLCP is well described by the KWW function and
is independent of surface treatment. In the LC state (Ti
> T > Tc), homeotropic (H) and planar (P) alignment
can be promoted by an appropriate choice of the surface
treatment of electrodes, and the overall dielectric re-
sponse is a weighted sum of two separate dispersions,
δ and Rm, that depend on the macroscopic alignment.
The dielectric response is dominated by the slow process
(δ) in the H-alignment while the fast process (Rm)
becomes dominant in the P-alignment. The decoupling
of various relaxation modes in the SCLCP diminishes
gradually on approaching the Tg. The δ process governs
the SCLCP dynamics near the Tg, much like the R
process in the non-LC glass formers. Although the

temperature dependence of the δ process can be well
described by the WLF equation, it is distinguished from
those in non-LC glass formers by a large deviation of
C1 from its universal value.
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