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ABSTRACT: The viscoelastic properties are investigated for a side-chain liquid crystalline polymer using
dynamic mechanical analysis (DMA) in the temperature region comprising the glass transition and the
smectic phase. Two main relaxation processes are found, labeled R and δ relaxations, with increasing
temperature. The results are compared with dielectric relaxation spectroscopy (DRS) and differential
scanning calorimetry (DSC) results previously reported. The R-relaxation is well described by the KWW
and Havriliak-Negami models, featuring a broad distribution of relaxation times, which depend on
temperature according to the VFT model above Tg. The mechanical, dielectric, and calorimetric results
in the region of the R-relaxation show similar behavior, indicating that this process should be assigned
to the segmental mobility of the main chain. This hypothesis could be consistent with the onset of faster
modes within the mesogens, mainly involving their transverse dipole component, for the case of the
dielectric response of the R-relaxation. The δ-relaxation detected by both DMA and DRS has a similar
origin, exhibiting a nearly Debye behavior. This process involves the motions of the bulky mesogenic
groups and is not visible by DSC, as the increase of entropy during its occurrence is not significant.

I. Introduction

The typical structure of side-chain liquid crystalline
polymer (SCLCPs) consists of a flexible polymeric
backbone with mesogenic groups attached laterally to
it via a flexible spacer, usually consisting of an alkyl
chain -(CH2)x-.1,2 This spacer allows to decouple and
enhance, to some extent, the mobility of the mesogen
from that of the main chain. These polymers may thus
present liquid crystalline properties, generally between
the glass transition (Tg) and the clearing temperatures
(Tc).

There is a clear interest, for both fundamental and
applied research groups, in the investigation of such
materials. The hybrid nature of SCLCPs confers to them
the most general physical (density, heat capacity, etc.),
mechanical and rheological properties of polymers, and,
simultaneously, the anisotropic and peculiar optical
features of low molecular weight liquid crystals, albeit
on a much slower response time scale. This combination
of properties makes SCLCPs attractive for a variety of
commercial applications, including optical data storage,
nonlinear optics, holographic applications, stress sen-
sors, and chromatography.1

The molecular mobility in SCLCPs is complex, giving
rise, for example, to relaxation processes that are not
observed in conventional polymers, such as the δ-relax-
ation, which will be discussed in the text. SCLCPs have
also the particular ability to maintain the liquid crystal-
line order into the glassy state. This new class of glassy
structures may be very interesting to make new physics

related with the elucidation of the dynamics of the glass
transition in glass-forming systems, which have not
been fully understood.3,4 In conventional amorphous
polymer systems the kinetics of these molecular motions
are described phenomenologically by a broad distribu-
tion of characteristic times due to the different environ-
ment felt by the constrained inter- and intramolecular
segmental motions of the polymer backbone. In SCLCPs,
because of the long spacers attached to the polymer
backbone, such motions also occur in different environ-
ments in which the local concentration of the methylene
chains fluctuates, increasing the complexity of the
motions involved in the glass transition.5

The molecular mobility in SCLCPs has been investi-
gated by a variety of techniques, but mainly by dielectric
spectroscopy (DRS) (see references along this text and
ref 6). DRS is an attractive technique due to the broad
range of frequencies available (up to 16 decades).
Particularly for the SCLCPs, this technique enables the
study, for example, of the δ-relaxation in different
phases, such as the isotropic liquid and the liquid
crystalline phase. The dynamic mechanical analysis
(DMA) is the mechanical spectroscopy technique ana-
logue to DRS. This technique has not been often used
in the glassy and liquid crystalline phases of SCLCPs,
despite most of these materials being in such states at
ambient temperature.

Therefore, DMA could allow for the understanding of
the solid-state rheological properties at operative tem-
peratures of such materials and can also provide
complementary information on the dynamics of the
relaxation processes that occur in those temperature
regions. Some rheological studies on SCLCPs have been
carried out at temperatures well above Tg, which may
be important for optimizing their processing, including,
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for example, the understanding of the influence of flow
history on the general structure (including the molec-
ular alignment), mainly when the material goes from
the isotropic to the anisotropic state.7-10 However, to
the best of our knowledge, only two works have been
devoted to DMA studies below the clearing temperature,
including the glassy state, although the δ-relaxation was
not investigated in detail.11,12 Among these works, a
side-chain liquid crystalline polysiloxane copolymer was
investigated by Etienne et al.,12 having a short spacer
length of -(CH2)3-. In the present work we investigate
a polymer with the same backbone but with a longer
spacer, in both glassy and liquid crystalline phases.

As will be discussed in the next section, the assign-
ment at the molecular level of the relaxations observed
by DRS in the glassy and liquid crystalline phases is
still controversial. This work also pretends to give a
further contribution to that issue due to the fact that
DMA probes the reorientation dynamics in a different
way of the dielectric techniques. In DRS, the more or
less constrained mobility of the dipole moments is
monitored. As SCLCPs usually bear a considerable
dipole moment (at least in the side groups), the molec-
ular mobility of the material may be probed in the
different structural regions. DMA may be seen as a
complementary technique that has the advantage to
directly measure the different molecular motions within
the entire polymer structure, even if they occur in
nonpolar regions.

II. Assigment of Relaxation Processes in
Side-Chain Liquid Crystalline Polymers

At low temperatures, well below Tg, SCLCPs exhibit
relaxations associated with local mobility within the side
groups, often labeled as â and γ, with decreasing
temperature. Several features of these thermally acti-
vated processes, such as activation energies, tempera-
ture location, and distribution of characteristic times,
are similar to those observed in conventional amorphous
polymers.13-16

Above Tg essentially two relevant relaxation processes
are observed by DRS, labeled R and δ, with increasing
temperature. The work of Williams and co-workers
studied SCLCPs in different alignment states (a list of
references can be found in refs 17 and 18), namely, those
where the liquid crystalline director of the mesogens,
n, is aligned parallel (homeotropic) or perpendicular
(planar) to the direction of the applied ac filed. The
dielectric behavior measured in the homeotropic state
is dominated by the motions of µl (longitudinal compo-
nent of the mesogen’s dipolar moment, µ), the transverse
motions being ineffective. On the other hand, with the
planar alignment the motions of the transverse compo-
nent of µ, µt, will be much more favorable. More
specifically, it was found that the deconvolution of the
dielectric spectra for homeotropic or planar fully aligned
samples produces four fundamental modes of motions.
The combination of dipole relaxation modes 00 and 10
involves the motions of µl, and the modes 01 and 11
involves µt. For partially aligned samples the complex
permittivity, ε*(ω) ) ε′(ω) - iε′′(ω), is given, approxi-
mately, by the relation19

where Sd is the macroscopic director order parameter,
which describes the average orientation of the local

directors n with respect to the measuring field direction,
and ε|| and ε⊥ are related to µl and µt, respectively,
according to

where ε∞|| and ε∞⊥ are limiting high-frequency permit-
tivities, G is a constant, S is the local order parameter
for the mesophase, and the Fj

i(ω) are given by the one-
side Fourier transform (F) of time-correlation func-
tions for the angular motions of µl and µt: Fj

i(ω) ) 1 -
iωF[Fj

i(t)].
According to this theory, it was proposed that the

δ-relaxation should be assigned to the F|
l(ω) process

(00 mode), i.e., to the motions of the mesogens along
their short axis. This process enhances with progressive
homeotropic alignment (Sd ) 1) and can be removed in
a planar aligned sample, Sd ) -1/2.17 The three remain-
ing faster modes should comprise the broader R process
observed experimentally. Therefore, the δ-relaxation
would involve motions of µl and the R process contains
contributions from both µl and µt. These assignments
proposed by the work of Williams and co-workers were
also exploited by many other authors.6,20-26 Some
authors emphasized the fact that the R-relaxation in
SCLCPs should be mainly due to the motions of µt, i.e.,
to the rotation of the mesogenic units along their long
axis.22

The attribution of the δ-relaxation at the molecular
level is consensual in the literature. However, the
assignment of the R-relaxation as observed by DRS has
been controversial. In fact, other investigators inter-
preted this process to the cooperative segmental motions
within the polymer backbone, as detected in amorphous
or semicrystalline conventional polymers, associated
with the dynamic glass transition.13-15,27,28 There are
some arguments that support this attribution. The
temperature dependence of the R-relaxation rate shows
a curvature in an Arrhenius plot that can be fitted by a
Voguel-Fulcher-Tamman (VFT) equation, which is
characteristic for glass-forming systems. Moreover, at
low frequencies the temperature of maximum loss of this
process seems to be compatible to the calorimetric glass
transition.13,28 In a more detailed study, it was found
that the dynamics of the glass transition studied by
enthalpy relaxation, as computed with phenomenologi-
cal models from differential scanning calorimetry data
(DSC), agrees with the dielectric results.29 The same
study also permitted to conclude that the form param-
eter of the relaxation time distribution is similar for the
calorimetric glass transition and for the dielectric
R-relaxation. Therefore, the attribution of the R-relax-
ation to a pure dipolar activated process within the side
groups should be questioned. Temperature-modulated
DSC was also used to demonstrate that the dynamic
glass transition of a liquid crystalline polymethacrylate
follows the same kinetics as the dielectric R-relaxation.30

The comparison of DRS results with calorimetric ones
are interesting because the former technique is sensitive

ε*(ω) ) (1 + 2Sd)ε|
/(ω)/3 + 2(1 - Sd)ε⊥

/(ω)/3 (1)

ε|
/(ω) ) ε∞| + G

3kT
[(1 + 2S)µl

2F|
l(ω) +

(1 - S)µt
2F|

t(ω)] (2a)

ε⊥
/(ω) ) ε∞⊥ + G

3kT
[(1 - S)µl

2F⊥
l (ω) +

(1 + S/2)µt
2F⊥

t (ω)] (2b)
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to dipole fluctuations while the latter responds to
entropy fluctuations. Dynamic mechanical analysis
(DMA) provides another source of a structural probe due
to its sensitivity for the different stress/strain environ-
ments. In the present work DMA will be used in this
context to provide further indications about the origin
of the R-relaxation found by DRS in SCLCPs.

III. Experimental Section
A. Materials. The liquid crystalline polymer studied in this

work is from Merck (catalog no. LCP1) and has the following
structure:

with n ∼ 40. According to the manufacturer, it has a glass
transition temperature near -7 °C and a smectic C/isotropic
transition at 76.8 °C.

B. Apparatus. Differential scanning calorimetry (DSC)
experiments were carried out in a Perkin-Elmer DSC7 dif-
ferential scanning calorimeter with controlled cooling acces-
sory. All the experiments were performed on a sample weigh-
ing 10.293 mg at a heating rate of 10 K/min, from -30 to 45
°C. More details about the experimental setup may be found
elsewhere.29

The dynamic mechanical measurements were carried out
using a DMA7e Perkin-Elmer apparatus with controlled
cooling accessory in the temperature range from -30 to +60
°C. High-purity helium was used to improve heat transfer to
the sample environment during the experiments. Isochronal
experiments at f ) 1 Hz were carried out at 2 K min-1 in both
flexural and compression mechanical configurations. Flexural
experiments were conducted in a three-point bending mode,
where the sample, shaped in a cylindrical geometry with ∼1.5
mm diameter, was placed in a 5 mm bending platform. Such
experiments were conducted in the region around Tg (between
-30 and 20 °C). In the higher temperature region compression
experiments were carried out, using parallel plates of 5 mm
diameter. In both isochronal experiments, a static stress of
5.4 × 104 Pa and a dynamic stress with 4.5 × 104 Pa amplitude
were imposed to the sample.

Also, isothermal experiments were performed in the flexural
mode, between -20 and 5 °C. The frequency range used was
0.6-30 Hz.

The temperature calibration was performed with distilled
water and using the apparatus in the static mode. In compres-
sion experiments a drop of water was placed between the
plates. A small force of 10 mN was imposed to the ice by the
top plate, and the position of it was monitored during an
heating experiment, enabling to clearly identify the melting
of the ice. For the flexural test a drop of distilled water was
located in the top center of a small plastic piece, which was
placed over the bending platform. The probe tip imposed a
small force over the ice, and again, the rapid displacement
during a heating experiment allowed to detect the melting of
the ice. The temperature read by the sensor at the occurrence
of the melting enable to correct the temperature in the studied
temperature region. Calibration experiments at 2 K min-1

allowed to calibrate the isochronal experiments. Calibration
experiments using the flexural mode performed at different
heating rates were used to correct the temperature reading of
the isothermal experiments by extrapolating the read melting
temperatures of ice to zero heating rate.

IV. Results and Discussion
A. DSC Results. Figure 1 shows two DSC traces of

LCP1 obtained during heating after different previous

thermal histories. The quenched sample presents a
typical step in the thermogram around Tg (solid line).
The sample previously cooled at 1 K min-1 from the
equilibrium shows the endothermic peak corresponding
to the occurrence of structural relaxation (dashed line
in Figure 1). This phenomenon occurs in glass-forming
systems when the supercooled liquid undergoes an
approach to the equilibrium in the glassy state. The area
of this peak with respect to the first trace is related to
the enthalpy recovered during the slow cooling rate. The
DSC results clearly confirm that the calorimetric glass
transition of LCP1 occurs at -9 °C, as measured by the
midpoint of the rise of cp in the transition, for a heating
rate of 10 K min-1 and after a quenching program from
equilibrium.

B. Rheological and Dielectric Results in the
Region of the r-Relaxation. 1. Results in the Fre-
quency Domain. Flexural isochronal experiments were
carried out at a frequency of f ) ω/2π ) 1 Hz in the
region of the glass transition of LCP1. The storage and
loss moduli (E′ and E′′) and the loss compliance (D′′)
are shown as a function of temperature in Figure 2. A
relaxation process was observed with a temperature of
maximum of E′′ that is in the region of the calorimetric
glass transition. The loss compliance peak is not clearly
resolved due to the existence of a second higher tem-
perature process, which will be studied later. Therefore,
we opted to investigate in more detail this relaxation
in terms of the mechanical modulus.

Isothermal experiments were performed in this tem-
perature region. A master curve for the loss modulus

Figure 1. DSC scans on LCP1 at 10 °C/min after quenching
(solid line) and after cooled at 1 °C/min from the equilibrium
(dashed line).

Figure 2. Isochronal mechanical spectroscopy scans at 1 Hz
on LCP1 using the flexural mode. The rough data were
smoothed by averaging the values through intervals of 1 °C.
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was constructed by shifting along the logarithm of the
frequency axis the isothermal data, according to the
time-temperature superposition principle.31 Figure 3
display the generated normalized master curve for E′′
reduced at a reference temperature of Tref ) -3.6 °C as
a function of reduced frequency faT. The corresponding
shift factors, log aT, are plotted against temperature in
the inset graphics of Figure 3. This plot shows a curved
trend above -15 °C that can be modeled with the VFT
or WLF equations (solid line for the WLF fit). However,
in the low-temperature side a clear deviation of this
tendency is observed. This corresponds to the change
from the liquid behavior to the nonequilibrium glass
dynamics, described by an Arrhenius equation, that is
usually observed in glass-forming materials (see, for
example, the discussion of this phenomenon in ref 32).
This is also a good indication that the observed me-
chanical process is similar to the R-relaxation observed
in amorphous systems corresponding to the segmental
motions within the polymer backbone.

The dielectric permittivity, ε* ) ε′ - iε′′, is given by
the one-sided Fourier or pure imaginary Laplace trans-
form of the time derivative of the normalized response
function, Φ(t), for the dielectric polarization of the
system.33 One can use this formalism for the mechanical
response that, in terms of the complex mechanical
modulus, E*(ω) ) E′(ω) + iE′′(ω), reads

where U and R designate unrelaxed and relaxed moduli
values, respectively, and i2 ) -1. On the other hand,
the R-relaxation in amorphous or semicrystalline sys-
tems is properly described by the Kohlrausch-Wil-
liams-Watts (KWW),34,35 or stretched exponential, cor-
relation function

where τKWW is a characteristic time and âKWW (0 < âKWW
e 1) is a parameter that describes the nonexponential
behavior of the correlation function. The master curve
for the loss modulus in Figure 3 was fitted with eqs 3
and 4 (solid line in Figure 3). The optimized parameters

were âKWW ) 0.37 and τKWW ) 0.002 4 s. The KWW
relaxation time is related to the frequency of maxi-
mum loss modulus, ωmax, at the same temperature, by36

log(ωmaxτKWW) ) -0.263(1 - âKWW). Therefore, at -3.6
°C, we have fmax ) ωmax/2π ) 45.1 Hz for E′′.

The comparison between rheological and dielectric
results must be made carefully, and it is still an open
problem. However, if we are investigating the mechan-
ical modulus, the corresponding dielectric analogue to
work with is the dielectric modulus: M*(ω) ) 1/ε*(ω) )
M′(ω) + iM′′(ω).

By using M*, the dynamics of the relaxational pro-
cesses are described in terms of relaxation times instead
of retardation times, which are obtained from the
frequency of maximum of loss permittivity.

Figure 4 shows the real and imaginary components
of the dielectric modulus as a function of frequency for
the studied polymer at -5 °C. The curve was obtained
from permittivity data obtained in the laboratory of
Prof. G. Williams (University College of Swansea, UK)
and reported elsewhere.37 The dielectric R-relaxation is
clearly detected in this frequency window. At higher
frequencies, the â-relaxation starts to overlap with the
former process.37 An attempt was made to fit the lower
frequency side of both M′(ω) and M′′(ω) using the KWW
model (eqs 3 and 4). The adjusted curves (solid lines in
Figure 4) describe well the results in the low-frequency
side. In this case we found âKWW ) 0.32. Moreover, the
KWW parameter obtained from DSC results yield
0.35.29 The values of âKWW found for amorphous systems
ranges usually between 0.3 and 0.5.38 Therefore, the
results obtained from the different techniques in LCP1
point to a broad distribution of characteristic times for
the R relaxation.

2. Arrhenius Diagram. Both real and imaginary
components of the dielectric moduli are shown against
frequency in Figure 5 for temperatures between -10
and 10 °C. It is clear the increasing of influence of the
â-relaxation in the high-frequency axis as temperature
increases. To determine with more precision the position
of the R-relaxation of LCP1, the dielectric modulus was
fitted according to a sum in the frequency axis of two
independent dielectric responses, each of them described
by a Havriliak-Negami (HN) model function. The HN
expression for the complex dielectric modulus of each
relaxation process may be obtained from the transpor-

Figure 3. Master curve for normalized E′′ in the region of
the glass transition of LCP1 at a reduced temperature of -3.6
°C. The solid line corresponds to the best fit with the KWW
model. The inset graphics show the temperature dependence
of the horizontal shift factors and the corresponding fit of the
data above Tg with the WLF equation (solid line).

E*(ω) - EU

ER - EU
) ∫0

∞[-
dΦ(t)

dt ] exp(-iωt) dt (3)

Φ(t) ) exp[-( t
τKWW

)âKWW] (4)

Figure 4. Real and imaginary components of the dielectric
modulus at -5 °C. The solid lines correspond to the fit of the
experimental data according to the KWW model. The high-
frequency points were skipped in the fitting because they are
affected by the â-relaxation.
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tation of the original HN function for complex permit-
tivity, ε*(ω):39

where τHN is the central relaxation time, and, again, U
and R designate unrelaxed (i.e., τHNω f ∞) and relaxed
(i.e., τHNω f 0) moduli values of the single process. a
and b are shape parameters (0 < a e 1 and 0 < b e 1)
which correspond to symmetric and asymmetric broad-
ening of the distribution of relaxation times, respec-
tively. The fitting curves (solid lines in Figure 5) agree
well with the experimental data for both moduli com-
ponents. The dotted lines correspond to the R-relaxation
component of the fitting. Values of a between 0.5 and
0.6 and values of b between 0.3 and 0.5 were obtained
for this process at the different temperatures. Such
values are in accordance to those found for the dielectric
or mechanical R-process in simple polymers. The relax-
ation time at each temperature, τ, associated with the
maximum loss can be related to τHN by36

The Arrhenius diagrams for the mechanical and dielec-
tric R-relaxation of LCP1 are shown in Figure 6, with τ
) 1/(2πfmax) being fmax the frequency of maximum loss.
The open squares correspond to the relaxation times,
obtained from the τHN values resulting from the fit-
tings according to eq 5 and then transformed to τ
with eq 6. The open circles correspond to the relaxa-
tion times that were obtained by looking at the maxi-
mum of loss permittivity, ε′′, from the data reported in
ref 37. The solid squares correspond to mechanical
spectroscopic results adapted from the obtained shift
factors (inset graphics in Figure 3). In fact, from log aT
) log τ(T)/τ(Tref) we have log τ(T) ) log aT + log τ(Tref).

As log τ(Tref ) -3.6 °C) ) -2.45, obtained from the
KWW fitting, it is easy to construct the Arrhenius log τ
vs 1/T plot from the log aT data.

Figure 6 shows that the mechanical and dielectric
retardation times (squares) satisfactorily agree at higher
temperatures. With decreasing temperature the dielec-
tric relaxation times tends to increase more rapidly than
the mechanical ones. The differences observed between
the mechanical and dielectric results can be attributed
to the different molecular effects imposed and measured
during the use of the two experimental techniques.
However, the Arrhenius diagram strongly suggests that
the molecular attribution of the R-relaxation obtained
from both methods is formally the same. Moreover,
similar values of âKWW obtained from calorimetric,
mechanical, and dielectric experiments, as well as the
location of the R-relaxation at low frequencies in the
vicinity of the glass transition temperature, also
strengthen for the common origin of the process ob-
served by the different techniques, which should be
assigned to the cooperative segmental motions of the
polymer backbone. However, the two possibilities dis-
cussed in section II could be directly linked. In fact,
inside the so-called cooperative rearranging regions
(CRR), which comes from the Adam-Gibbs theory, one
should have a number of mesogens, besides the atoms
from both polymer backbones and spacers. A CRR is
defined as a region that contains a number of molecular
groups that can undergo a conformational transition
without disturbing the neighboring groups. Therefore,
in SCLCPs, any conformation change within the poly-
mer backbone, associated with the glass transition
event, should involve obligatorily motions within the
mesogenic groups, which are intimately correlated to
the segmental motions in the polymer chain. This will
happen even in the smectic phase where mesogenic
groups may undergo rotational/translational at least
within the layer where they are located. The onset of
the mobility of these stiff and bulky mesogenic groups
will be then decisive in the occurrence of the glass
transition. Note, in this context, that the glass transition
temperature of the linear poly(dimethylsiloxane) corre-
sponding to the backbone of LCP1 is -124 °C,40 i.e.,

Figure 5. Real and imaginary components of the dielectric
modulus in the R-relaxation region. The solid lines correspond
to the fit with the sum of two HN functions. The dotted lines
discriminate the low-frequency process of the fitting (R-
relaxation).

M*(ω) ) MU +
MR - MU

[1 + (iωτHN)a]b
(5)

τHN

τ
) [sin (πa

2 )/tan ( πa
2(b+1)) - cos (πa

2 )]-1/a
(6)

Figure 6. Arrhenius plot including dielectric (open symbols)
and mechanical (solid squares) results for the R-relaxation of
LCP1. The open squares are for the dielectric relaxation times
obtained from the analysis of the M′′ curves. The open circles
are for the dielectric retardation times, obtained from the
analysis of the ε′′ curves. Both point sets were fitted with the
VFT equation (solid lines). The mechanical relaxation times
were obtained from the analysis of the data in Figure 4.
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almost 120 K below the Tg of LCP1, indicating the
hindering effect of the mesogenic groups. In dielectric
spectroscopy the measured response is essentially probed
by the motions in the mesogenic groups, due to the low
polarity of the backbone. Additionally, the first degrees
of freedom that are dielectrically liberated in these
groups are probably associated with the 10, 01, and 11
modes, discussed in section II. In fact, as commented
by Attard based on previous theories,41 these modes
have similar relaxation times, while the 00 mode, which
would be related to the occurrence of the δ-relaxation,
has higher characteristic times; thus, the δ-relaxation
is expected to appear at higher temperatures for the
same experimental frequency. The fastest motions
involving mainly µt can be sufficient ample to permit
the occurrence of the glass transition. Therefore, the
onset of the glass transition, as seen directly by calori-
metric or mechanical spectroscopy techniques, can be
intimately connected to release of the fastest motions
in the mesogenic groups, measured by dielectric spec-
troscopy.

The dielectric data depicted in Figure 5 display a clear
non-Arrhenius behavior which can be well parametrized
with the VFT expression

where τ0 is the reciprocal of an attempt frequency, T0
is the temperature where the characteristic times seems
to diverge, and D is the strength parameter which is
related to the fragility concept first introduced by
Angell.42 From the M′′ data (open squares in Figure 6)
the fitting of the temperature dependence of the relax-
ation times yield τ0 ) 2.47 × 10-13 s, T0 ) -43.1 °C,
and D ) 4.15. From the ε′′ data (circles in Figure 6) the
fitting of the temperature dependence of the retardation
times yield τ0 ) 8.75 × 10-12 s, T0 ) -36.8 °C, and D )
3.0. Despite the different values for the fitting param-
eters the two Vogel-Fulcher lines in Figure 6 are quite
parallel; i.e., both characteristic times exhibit similar
changes with temperature. This can be explained by
some statistical compensation effects between the VFT
parameters; i.e, different sets of T0 and D can lead to
VFT plots with similar curvature. The same parallelism
between relaxation and retardation times when plotted
against temperature was observed by other authors.43

C. Rheological and Dielectric Results in the
Region of the δ-Relaxation. 1. General Features of

the δ-Relaxation. The viscoelastic response above Tg, i.e.,
in the smectic region, was accessed by compression
DMA experiments. The temperature dependence of the
obtained loss factor at 1 Hz is shown in Figure 7. A
broad relaxation process is observed above the R-relax-
ation temperature region, between 5 and 40 °C. For a
better comparison the dielectric loss factor at 1 Hz is
also depicted in the same graphics, extracted from
isothermal experiments.37 The dielectric δ-relaxation,
with a maximum of tan δ at ∼25 °C, seems to correlate
well with the mechanical peak with respect to the
location in the temperature axis. Simon et al. also
detected a mechanically active relaxation, as a shoulder
just above the glass transition relaxation peak.11 This
relaxation was assigned to thermal disruption of the
weak “cross-linking” effect of the liquid crystalline
domains, which leads to the freeing of side-chain me-
sogenic motions.11 This attributions is consistent with
the general assignment of the δ-relaxation.

For further comparisons between the mechanical and
dielectric experiments a deeper analysis of this process
was carried out. Again, the dielectric data of the
δ-process reported in ref 37 were rebuilt in terms of M*.
The dielectric loss modulus in this temperature region
is shown in Figure 8.

The solid lines in Figure 8 are the fittings of the data
according to the HN model (eq 5). The high-frequency
points were ignored because they are greatly influenced
by the R-relaxation. It was found that both a and b
parameters do not depend strongly on temperature, at
least in the smectic phase, where the results were
analyzed. The average values of the HN parameters
through the nine temperatures gave a ) 0.94 ( 0.03
and b ) 0.76 ( 0.04. From this result one can conclude
that the δ-relaxation is characterized by a very small
symmetric broadening about the central relaxation time
τHN, i.e., a narrow distribution of relaxation times,
because a is close to 1. Moreover, since b is also high,
the existing distribution has also low asymmetry. This
is very consistent with the attribution of the δ-relaxation
to a quasi-Debye process that is often found in the
literature on other SCLCPs systems.23,24,26,30

The fitting of the data in Figure 8 also allowed to
obtain the temperature dependence of τHN that, after
being transformed according to eq 6, can be used to build
an Arrhenius plot (inset graphics in Figure 8). This plot
shows a weak curvature and was fitted with the
Arrhenius equation, log fmax ) log f0 - Ea/[RT ln(10)].

Figure 7. Temperature dependence of the loss factor (1 Hz)
from compression mechanical spectroscopy results (squares)
and from dielectric data (circles) in the region of the R- and
δ-relaxations.

τ ) τ0 exp( DT0

T - T0
) (7)

Figure 8. Dielectric loss modulus in the δ-relaxation region.
The solid lines correspond to the fit with one HN function. The
frequency at maximum M′′ is plotted against reciprocal
temperature in the inset Arrhenius diagram, where the
Arrhenius fit was included.
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The obtained activation energy in this temperature
region was Ea ) 134 kJ mol-1 and τ0 ) 1/(2πf0) ) 2.71
× 10-25 s. It should be noted that the Arrhenius plot of
LCP1 displays a change in slope when the temperatures
pass above the clearing temperature, above which the
apparent activation energy decreases.37 The same be-
havior was also found on the δ-relaxation of on nematic
and smectic LCPs.6,21,44-46 In that study the activation
energy for the loss permittivity data in a broad tem-
perature range was 159.2 kJ mol-1 in the smectic phase
and 110.5 kJ mol-1 in the isotropic phase. This differ-
ence is the result of the less constrained mobility of the
mesogenic moieties in the isotropic liquid state. Other
authors also point out for the Arrhenius behavior of the
δ-relaxation.46-49 Moreover, the apparent activation
energies of the δ-relaxation observed in other nematic
or smectic SCLCPs are found to range between 120 and
180 kJ mol-1,6 strengthening the attribution of the
δ-relaxation of LCP1 to the same mechanism. There are
also some works were a curvature is clearly observed,
and the VFT model is proposed to describe the dynamics
of the δ-process.23,26 The Arrhenius or VFT nature of
the δ-relaxation is thus an open problem, and other
studies should be carried out in order to elucidate it
without ambiguity. Nevertheless, one should expect that
the assigned motions should slow down and even freeze
near Tg, and thus an Arrhenius behavior in the lower
temperature region of the liquid crystalline phase
cannot be expected as it predicts finite mobility in the
glassy state.

For a better comparison between the mechanical and
dielectric results an attempt to simulate the mechanical
loss modulus was carried out with the dielectric data.
Simple assumptions, supported by experimental evi-
dence, were made, namely: a HN description of the data
with temperature-independent a and b parameters; a
simple Arrhenius dependence for the relaxation times,
τ(T), described by the fitting parameters obtained from
the dielectric results; and a constant mechanical strength
E′R - E′U that was estimated from the mechanical data
as being ≈180 MPa for the δ-relaxation. The expression
used for computing E′′ corresponds to the imaginary
component of eq 5 for the mechanical complex modulus,
written in the temperature domain, and was adapted
from the dielectric formalism:50

where

and, in this case, ω ) 2πf ) 6.283 s-1.
The simulation of the mechanical behavior using

dielectric data and eq 8 is shown in Figure 9 (solid lines).
It can be compared with the experimental mechanical
loss response (squares). Taking into account the strong
influence of the R-relaxation, which appears in the low-
temperature side, we may conclude that the higher
temperature region of the experimental E′′ results is
well described by the prediction using parameters

obtained from dielectric data. This result strength the
idea that a similar origin for the dielectric process
should be attributed to the mechanical one.

As said before, the dielectric δ-relaxation should be
assigned to the motions within the mesogenic groups,
activated by the longitudinal component of the dipolar
moment. As refereed by Attard, Williams, and co-
workers,46 it is not expected that the dipoles reverse
completely, as it happens in low molecular weight liquid
crystals, due to the topological constraints of the poly-
mer system. A hypothesis suggested by these authors
is that the mesogens undergo fluctuations within a cone.
In the smectic phase, it is possible that the mesogens
also jump from one to another layer. The occurrence of
the δ-relaxation, probed by dielectric experiments, is
then associated with the onset of a much more facili-
tated conformational mobility of the mesogens. This
leads to an expected change upon the relevant rheo-
logical properties, e.g., mechanical modulus or compli-
ance, in the same temperature/time scale region with
the corresponding rise of a mechanical relaxation pro-
cess.

2. Comparison with DSC Results. It is interesting to
notice that no change is detected in the heat flux in the
DSC result in the temperature range of the δ-relaxation
(Figure 1). A jump in the heat capacity analogous to a
glass transition implies a change in the temperature
dependence of the number of microstates Ω available
for the polymer chains (as deduced form the Boltz-
mann’s formula S ) k ln Ω and Cp ) T dS/dT ) kT d ln
Ω/dT). This is the case in the glass transition because
of the exponential increase of the number of configura-
tional states with increasing temperature in the liquid
state. In the δ-relaxation the gain of molecular freedom
during the occurrence of this process is done by motions
of stiff groups as a whole. Such motions does not involve
significant variations in the number of microstates with
temperature, given by the Ω parameter, that quantifies
the number of possible conformational rearrangements
of the activated state that lead to the same prescribed
macroscopic properties. Therefore, the heat capacity is
not expected to experiment a considerable increase
throughout the development of the δ-relaxation. The
same invariance of Ω also happens with the secondary
relaxations and also relaxation processes taking place
at temperatures above the glass transition as the so-
called Rc relaxation. This process is observed in flexible
semicrystalline polymers, being attributed to the occur-

E′′(T) )
(ER - EU) sin[bæ(T)]

{1 + 2[ωτ(T)]a sin[12π(1 - a)] + [ωτ(T)]2a}b/2

(8)

æ(T) ) arctg
[ωτ(T)]a cos[12π(1 - a)]

1 + [ωτ(T)]a sin[12π(1 - a)]
(8)

Figure 9. Squares: mechanical loss modulus at 1 Hz in the
region of the δ-relaxation. Solid line: simulation of the process
using dielectric data, which was used to describe the distribu-
tion of relaxation times and the temperature dependence of
the mean relaxation time (see text).
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rence of screwlike motions within the crystalline lamel-
lae (refs 51-53 and references cited therein). Thus, also
in that case the increase of Ω with temperature is not
extensive, and thus it is not observed by DSC.

The Rc-process also exhibits a near-Debye dielectric
response, as found in the δ-relaxation in SCLCPs.
Another example of near-Debye behavior is the relax-
ation process associated with the interfacial polarization
or Maxwell-Wagner process that also takes place at
temperatures higher than the glass transition.

On the contrary, secondary processes show usually a
broad distribution of relaxation times, which can be
related to the fact that the neighborhood of the relaxing
species is not homogeneous (although there is the
alternative explanation given by the coupling mode
mentioned above). The potential energy barrier hinder-
ing the motion of the relaxing groups is created by parts
of the polymer chains that have relaxation times which
are much higher than that of the relaxing species and
thus are nearly static. A relatively narrow distribution
of activation energies can cause a broad distribution of
relaxation times. Also, the main dynamic-mechanical
or dielectric relaxation associated with the cooperative
rearrangements of the main-chain segments shows
broad relaxation times spectra. In this process the
energy barriers hindering the motion are created by
molecular groups which have the same dynamics and
are distributed inhomogeneously (due to the inhomo-
geneity of the free volume distribution along the mate-
rial) around the polymer segment that suffers a confor-
mational rearrangement. In the case of the relaxation
that takes place in the liquid state, the relaxation time
of any group in the polymer chain, including the
cooperative rearrangements of the main chains of the
polymer, is much smaller than the one of the relaxing
groups. If the cooperativity of the relaxation process is
not high, the dynamics of the relaxing species tends to
be very homogeneous, as the motion of the group in a
viscous media. This can explain that many relaxation
processes that occurs at temperatures above the glass
transition present narrow distributions of relaxation
times.

V. Conclusions
The relaxation processes occurring in the glassy state

of SCLCPs are local and thermally activated and have
been often reported in the literature, mainly dielectric
spectroscopy studies. On the other hand, the liquid
crystalline state (near the clearing temperature) and the
isotropic liquid phase have been well characterized from
rheological studies. In this work, the molecular mobility
in a SCLCP was investigated in the temperature region
comprising the glass transition and the smectic phase.
The two main relaxation processes that generally ap-
pear in such systems have been scarcely studied by
mechanical spectroscopy methods, although dielectric
spectroscopy has been widely used.

The origin of the R-relaxation at the molecular level
has been controversial. It was shown in this work that
the mechanical R-process has many similarities with the
dielectric one and with the calorimetric glass transition,
being assigned to the dynamic glass transition of the
polymer. The dielectric process could be assigned to the
onset of special modes within the mesogens, but such
motions are intimately correlated with the dynamics of
the polymer backbone. Therefore, the discrimination
between both kind of motions is complex using such
techniques.

The δ-relaxation of the studied material starts to
occur at ambient temperature, just above the glass
transition, as it happens for a great number of other
SCLCPs. Thus, the viscoelastic properties of such
materials highly depend on this process. It was dem-
onstrated that the mechanical and dielectric δ-relax-
ation is formally the same. The δ-relaxation should
involve mainly the motions of the bulky mesogens, being
the reason why this process is not observable by
calorimetric methods. Such motions could be a result
of fluctuations in the redistribution of the orientatinal
distribution function of the mesogenic groups, mainly
along the longitudinal component of the dipolar mo-
ment.
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