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The complex dielectric constant has been measured for a polyvinyl-ether based cyano-bipheny! side-
chain liquid-crystalline polymer over the temperature range of 100-400 K and frequency range of 10~
10° Hz. In the smectic-A phase, both homogeneous and homeotropic alignments were achieved with
a 7-Tesla magnetic field by slowly cooling the samples down from the isotropic phase to room tem-
perature. The low-frequency 8 loss peaks are suppressed in the homogeneous state and enhanced in
the homeotropic state while high-frequency a loss peaks are enhanced in the homogeneous and almost
absent in the homeotropic. The Arrhenius plot of each process shows a rapid decrease in the relaxation
frequency as the temperature approaches T,, which may somehow reflect the glassy behavior of the
polymer backbone and has been analyzed by WLF and Vogel-Fuicher equations. The resuits from two
samples with different degree of polymerization are compared in terms of T,.

Keywords: side-chain liquid-crystalline polymer, dielectric relaxation, glass transition,
polymer backbone, smectic-A liquid crystal, Fuoss-Kirkwood function, WLF equation,
Vogel-Fulcher equation, smectic side-chain

INTRODUCTION

Side-chain liquid-crystalline polymers (SCLCPs) have received wide attention since
the first systematic synthesis in the late 70’s.’~* A SCLCP system usually consists
of a polymer backbone, or main chain, attached through some flexible carbon
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“spacers” by liquid crystal (LC) mesogenic groups in the side chain to form a
“comb-like” structure.’ This structure combines polymer advantages (good film-
forming and other mechanical properties) with electro-, magneto-optical properties
in low molecular mass LCs. They are of considerable interest scientifically as hybrid-
nature materials and technologically as potential media for a variety of applications
in physical optics and display technology.®’ As films sandwiched between two
conducting glass plates, they are promising for high-density optical data storages,
for optical elements such as Fresnel zone plates or planar waveguides, or for
nonlinear optical processing such as the second harmonic generation of laser light.”-#
It is vital to investigate the molecular structures and molecular dynamics in such
a polymer system and its packing information in the fluids, as well as its different
macroscopically aligned configurations in LC states, i.e., homeotropic (H), planar
(P) or homogeneous, and unaligned (U) orientations of side chain mesogens with
respect to the plane of the film.%1°

A dielectric relaxation process in the frequency domain is equivalent to the
Fourier transformation of a step-response in the time domain, which is basically a
molecular dynamic process of some segments containing permanent or induced
dipole moments in the material at a given equilibrium temperature.!' Many die-
lectric measurements have been conducted on various kinds of thermotropic SCLCP
samples.'?~2° At low temperature, usually below the glass transition T,, SCLCPs
are either semi-crystalline or glassy like most of conventional polymers in the solid
state, whose locally-involved relaxation processes are often labeled as B, vy, etc.
with decreasing temperature.?® Above the solid-liquid transition temperatures,
sometimes equal to T,, they exhibit liquid crystalline mesophases, i.e., smectic,
nematic, and isotropic, et al., in which there are usually two relaxation processes
in the neighborhood of T, being labeled 8 and a.

To analyze the dielectric spectra in the mesogenic phases of the SCLCP system,
some theories for low molecular mass LCs, such as rotational diffusion modes in
nematics,?’ ~?° can be adapted. Although rotational field models of relaxation were
developed for nematics, they are good approximation applicable to the dielec-
tric relaxations in smectic-A (s,) phase. This follows from a molecular point of
view since the long range spatial periodicity characteristic of s, phase plays no part
in relaxing the dipole moments, although it will influence the internal field effect.
Thus, on passing from the nematic to s, phase, broad continuity would be expected
with only slight changes in permittivities and relaxation rate.!® This theoretical
consideration is more valid when the SCLCP system is in the mesophase higher-
temperature side closer to the isotropic temperature, or clearing point 7.. On the
other hand, when the SCLCP samples are in the lower-temperature side closer to
T,, the molecular rotations of mesogenic group will be strongly correlated to the
stiff polymer chain motion, resulting in the theoretical interpretations having to
take into account the dipolar segments in both side chain and backbone.® For-
tunately, in most cases, the relaxations due to the mesogenic group are more
promising than those due to the backbone and just slow down rapidly as temper-
ature approaches T, from the LC phase. Hence, mesogenic relaxation processes
may reflect the glassy behaviors of the polymer chain, which will, to some extent,
be helpful in understanding the debated glass transition in polymeric materials.*!
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Cyano-biphenyl SCLCPs were first studied dielectrically by H. Kresse and co-
workers, with the unaligned samples based on polyacrylates and polymethacryl-
ates,'? and polysiloxanes,'? from which only one relaxation process was observed.
C. M. Haws er al. did observe both 8 and o processes in their unaligned GN/19
sample, however the main chain was a siloxane copolymer.?

In this paper, the dielectric measurements were conducted with two polyvinyl-
ether based cyano-biphenyl SCLCP samples with carbon spacer length of 7. one
having degree of polymerization (DP) of about 7.3 and the other 30, which are
both in s, phases at room temperature. The samples were successfully aligned both
homeotropically and planarly in a 7-Tesla superconducting magnetic field by care-
fully slowly cooling down from the isotropic temperature to room temperature. In
the H-aligned sample, the low-frequency &-peaks are enhanced dramatically com-
pared with the unaligned while the high-frequency a-peaks are completely absent.
In contrast, the 8-peaks are suppressed while a-peaks are enhanced in the
P-alignment as compared with the unaligned sample. The data has been fitted to
semi-empirical relaxation line shapes (Fuoss-Kirkwood) using nonlinear least squares
minimization to distinguish these two processes with a subtracted DC conductivity.
The Arrhenius plot, frequency maxima of each process vs. reciprocal temperature,
shows typical glassy behaviors as temperature approaches to T, from the mesophase
range, which will be analyzed using the WLF and Vogel-Fulcher (VF) equations.
The longer chain sample (DP = 30), having a 8 K higher T, than the shorter chain
(DP = 7.3), has basically the same relaxation processes as the shorter one, except
the relaxation frequencies are about 10"* Hz lower than those in the shorter chain.

EXPERIMENT

The SCLCP samples, Poly{7-[(4-cyano-4'-biphenyl)oxy]heptyl vinyl ether}s, were
synthesized using living cationic poymerization by V. Percec and M. Lee in an
attempt to elucidate the molecular design mechanism in the side-chain system.*
The chemical structure is shown in Scheme, which contain a cyano-biphenyl-oxy
mesogen attached via seven carbon spacers (—CH,—) to a vinyl-ether backbone.
C7DP8, which was designed to have a DP of 8, has an average DP of 7.3 and
C7DP30 has a DP of 30. At room temperature and 1 kHz frequency, the dielectric
constant (¢') is approximately 3.2 and the conductivity is 6.2 x 10~?S/m for C7TDPS;
2.8 and 1.7 x 1072 S/m, respectively for C7TDP30. Both samples are in s, phase
at room temperature, and were measured without further chemical treatment.
Differential scanning calorimetry (DSC) measurements were taken with a Du-
pont 910 cell base with Dupont 990 thermal analyzer at a 10 K/min heating rate.
The phase transitions of the samples are summarized in Table I. The first DSC
scanning with C7DP8 showed a semi-crystalline transition at 285 K., overlapping

~CH-CH4

J){ CHz}-0 CaN

SCHEME Chemical structure of the studied cyano-biphenyl side-chain liquid crystalline polymer
(SCLCP).
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TABLE 1

Phase transitions in the studied SCLCP samples from DSC scan
at 10 K/min heating rate

Sample T(DP) phase transitions (K)  10°Mn
C7DP8 73 £2825,392i 2.43
C7DP30 30 2290 5,408 i 10.3

its glass transition at 282 K, which disappeared in subsequent scans. The glass
transition of C7DP30 is 290 K, 8 K higher than C7DP8. The isotropic transition
temperature (7;) is 392 K for C7DP8 and 408 K for C7DP30.

The dielectric sample cell was constructed of two parallel ITO (Indium Tin Oxide,
20 Q/00) glass plates, which allows for optical examination. The edge of the ITO
plate was stripped using a solution of hydrochloric and nitric acids. The two plates
were glued together by a high temperature epoxy, separated by a 25 pm kapton
spacer, to form a parallel-plate capacitor with the empty cell capacitance C, of 7
pF. The SCLCP sample was inserted onto the cell through capillary action, being
placed on a hot stage in a vacuum chamber and heated above the isotropic tem-
perature. The casting time for C7DP8 was about 3 hours and slightly longer for
C7DP30.

In order to identify the relaxation processes in terms of local molecular dynamic
modes and to determine its dielectric anisotropy, the SCLCP sample has to be
macroscopically aligned in either the homeotropic or the planar orientation states.
The sample can be magnetically aligned since the mesogens in the side group have
strong diamagnetic anisotropy. Both H- and P-alignments were achieved by slowly
cooling the sample placed in a 7-Tesla superconducting magnet (Cryomagnetics,
Inc.) from above the isotropic to room temperature. The cooling rate of 5 K/hour
was well controlled by a Lakeshore temperature controller together with a custom-
built ramp. For the H-alignment, the cell was mounted with its layer normal parallel
to the field; for P-alignment, perpendicular to the field.

The dielectric loss (G/w) and capacitance (C) were taken at 17 frequencies (10
Hz-100 kHz, in a linear log ratio) using a ratio arm transformer bridge** (CGA-
83, C. Andeen and Assoc.) at 5 K interval temperature from 100 K to 400 K. For
the aligned samples, the upper temperature was 370 K, well below the clearing
points, to avoid possibly destroying the alignments. The bridge’s oscillation voitage
was chosen to be the lowest level (=0.1 volts/rms) to avoid disturbing the LC’s
macroscopic alignment and inducing the additional dipole moments. The individual
cell was placed in a cryostats for data acquisition at low temperatures and a vacuum
oven for data collection at elevated temperatures. The temperature was controlled
by a Lakeshore DRC 82C controller with two platinum sensors, which can stabilize
temperature at 10 mK to meet the isothermal conditions. The data acquisition steps
were controlled by a HP-87 computer through an IEEE 488 interface. The rela-
tionship between the complex dielectric constant (¢*) and the measured capaci-
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tance, C and loss, G/w is given by the following, with empty cell capacitance C,
and DC conductance Gpc.

e*(w)
£'(w)

e'(w) — ie"(w)

C(w)/C, 0y

£"(w) = [G(w)w — Gplw)/Cy

RESULTS

The dielectric spectrum of the SCLCP system in the whole temperature range (T
< T,) shows totally four relaxation processes. Figure 1 gives the dielectric loss of
the unaligned C7DP8 at 10 Hz, 1 kHz, and 100 kHz. There are two relaxations
below calorimetric T,, labeled by B and vy with decreasing temperature. In the s,
region (T, < T < T}), it contains two typical processes in the SCLCP mesophase,
labeled with & and o with decreasing temperature. The isotropic temperature T},
having a thermodynamic nature in mesophase transitions, appears to be inde-
pendent of bridge frequency.

g and y Relaxations

B and v relaxations occur below the glass transition of the SCLCP sample, where
the polymer chain is essentially frozen. These two low-temperature relaxations are
very similar to those in poly{vinyl methyl ether}** and usually involve only local
motions of some segments either in the main chain or in the side chain.?® They are

1000 ; ;
E T=282K T=293K
100 -§ i '
10 < E . E
%_ O~/ S N 1
8 ] ‘ .
&) 14 H :
0.1 4 ~—== TN AL smectic-A i
o.01 +—+—r——+prrr—rrrr—r—rrrr——trrrr—TTr—t
100 150 200 250 300 350 400
Temperature (K)
FIGURE 1 Dielectric loss overview for the unaligned C7DP8 at 10 Hz(——), 1 kHz (------- ), and
100 kHz(---—- ) as compared with its glass transition T, and isotropic temperature T, from DSC data.

Four processes are labeled as 8, a, B, and vy in decreasing temperature.
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almost independent of the different alignments and the degree of polymerization.
Figure 2 shows the vy peaks of the unaligned C7DP8 from 145 K to 165 K, which
are stronger and broader than f peaks. The loss amplitude in the y relaxation
increases with increasing temperature and the relaxation frequency at a given
temperature is much higher than that in the  relaxation. The broad +y process may
combine a few different local motions, including some in the cyano-biphenyl group?¢
in the side chain, and has an activation energy of about 40 kJ/mole. The B peaks
are merged with the a process at higher frequencies (>1 kHz), where the main
glass transition of the polymer appears.

Two Major Relaxations—a and &

In the s, region, there two major dielectric relaxation processes, a broad, high-
frequency o peak and a narrow, low-frequency & peak. The real part (capacitance)
and imaginary part (dielectric loss) of the unaligned C7DP8 are shown in Figure
3 from 310 K to 330 K, with the & peaks being much stronger than the o peaks.
Figure 4 shows the corresponding spectra in H- and P-aligned samples. In the
H-alignment, the 8-peaks are enhanced dramatically compared with the unaligned
while the a-peaks are completely absent. In contrast, the 3-peaks are suppressed
while a-peaks are increased in the P-alignment. The longer chain sample C7DP30
basically shows the similar relaxation phenomena except a slowdown in the relax-
ation frequency at a given temperature as compared with C7DP8.

Fuoss-Kirkwood Data Fitting

In simple systems, dielectric spectra often contain a few relatively narrow peaks
which are often well separated in temperature, and are readily interpreted. The
samples in the present investigation, however, have spectra in which the individual
peaks, though discernible, are broad and overlapped to the point that dielectric
information (peak areas, widths and relaxation frequencies) is corrupted by the
tails of the adjacent peaks. A major goal is to obtain the activation energy for each

0.16 165 K

0.14

0.12+

G/o (pF)

0.10+ 145K

0.08

0.06

T
I 2 3 4 5

Log f (Hz)

FIGURE 2 Dielectric loss spectrum of the low-temperature y-process in the unaligned C7DP8 from
145 K to 165 K with 5 K increment.
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604

Log f (Hz)

FIGURE 3 3 and a processes of the unaligned C7DP8 in the smectic-A (s,) phase (+310 K, x315
K, 4320 K, ¢325 K, O330 K). (a) Real part—capacitance &¢'C,; (b) imaginary part—dielectric loss
Glw.

process which requires the accurate determination of the relaxation frequency, wg
or f (relaxation time 1 = 1l/wg), at a given temperature.'%*’

The Fuoss-Kirkwood function, a symmetric empirical lineshape, has been used
to fit the spectra to get the necessary information by means of nonlinear least-
squared minimization method (Levenberg-Marquardt).*’ In the temperature range
from 295-350 K where the samples are in s, phase, the dielectric loss spectra,
L(w) or [G(w)/w], are thought to consist of a low-frequency 3 peak, a high-frequency
a peak, and a DC conductance. The data is fitted with two Fuoss-Kirkwood func-
tions plus a DC conductivity (op¢) term.

L(w) = (Gpclw) + 2 A, Sech(B; In(w/wg,)] )

Alternatively, with @ = 2mf and Equation (1), the normalized loss spectra are,

e"(w) = (opc/2nfey) + 82 € mi Sech[2.303B; log,(f/fri)] (3)
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(b)

Log f (Hz)

FIGURE 4 Dielectric loss spectra for the aligned C7TDP8 from 310 K-330 K (+310 K, x315K, 4320
K, 0325 K, O330 K). (a) Homeotropic (H); (b) planar (P) or homogeneous.

where, A and e}, are respectively loss amplitude and the amplitude of the imaginary
part of the complex dielectric constant; B lies between 0 and 1 and is a width
distribution parameter and equals to 1.14/(width of loss peak at half-height). The
Fuoss-Kirkwood function reduces to a Debye-type when B = 1. The dielectric
relaxation strength for each process, Ae’, the difference in the dielectric constants
at low-end and high-end frequencies and proportional to the amount of dipole
moments involved in the relaxation, can be expressed in terms of two fitting
parameters,'©

Ae' = g{ — e = 2&./B. 4)

Figure 5 demonstrates the fitting process in which the normalized loss (G/wCy)
of the unaligned C7DP30 at 320 K has been fitted to a DC conductivity, opc =
4.5 x 1072 S/m, and two Fuoss-Kirkwood lineshapes representing the 8 and o
peaks, [see Equation (3)]. This fitting process has been employed to all the samples
in the s, region from 300-350 K and Table II summarizes the results at 320 K as
well as the calculated dielectric strengths [Equation (4)]. C7DP8 has a DC con-
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Log f (Hz)

FIGURE 5 The normalized loss (G/wC,, +) of the unaligned C7DP30 fitted into a DC conductivity,
dpc = 4.5 X 1072 §/m, and two Fuoss-Kirkwood lineshapes (dashed curves) according to Equation
(3). The solid curve represents a superposition of the three dashed curvatures.

TABLE 11

Results from Fuoss-Kirkwood data fitting for all the studied samples at 320 K

Sample Align.  Spc 8-peak o-peak
(10'28/m) logfy €'y B Ae’ logly €, B Ae’
C7DP8 U- 86 253 117 085 276 429 039 034 225
H- 90 264 319 082 7.5 - - -- --
P- 35 242 050 094 1.07 417 043 033 256
C7DP30 U- 4.5 179 116 078 298 351 028 034 1.68
H- 8.7 1.83 262 083 6.32 338 015 032 097

ductivity nearly one order of magnitude larger than C7DP30 probably due to the
shorter chain length resulting in a relatively small viscosity and high mobility. The
deviation in DC conductivities in different alignments for each sample may be due
to the different mobilities of ions in various orientations.

DISCUSSION

6-Relaxation

The individual dielectric relaxation processes in this paper will be assigned in terms
of the rotational diffusion mode theory!%-82% according to the loss spectra in the
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different macroscopic orientations. The longitudinal component of the dipole mo-
ment in the side-chain mesogen, ., is approximately 5 Debye, which comes from
its cyano-biphenyl end-group (—C==N), and is much larger than the transverse
component, ., approximately 2 Debye from the oxy-group (—O—). The fact that
the &-peaks are much stronger than the a-peaks (Figures 3 and 4) implies that the
stronger dipole moments are involved in this process, mainly p,. As mentioned
before, the 8-peak is enhanced in the H-alignment and is suppressed in the
P-alignment at a certain temperature as compared with the unaligned sample, e.g.,
the dielectric relaxation strength Ae’ is 7.75 in the H-aligned C7DP8, 1.07 in the
P-alignment, and 2.76 in the unaligned sample (see Table II), which suggests an
involvement by the longitudinal component p, since w, is along the easy-optical
axis in the uniaxial LC. Because the width parameter B is close to 1, the §-peak
is mainly associated with only one single mode, hence it is a Debye-like process.!?
It follows that the low-frequency 8-peak can be assigned to the 180° rotation of
the longitudinal dipole moment in the mesogenic group about its short axis, in
smectic-A phase, it is possible for the side group to flip around the polymer back-
bone, hopping from one smectic layer to another.

The dielectric relaxation frequency in the 8 process at a given temperature is
almost independent of the alignment configuration, for instance about 316 Hz for
C7DP8 at 320 K, in light of local-ordering in LC polymer system.!6-!° However,
the polymer chain length or molecular weight does affect the relaxation of the
mesogen so that the longer chain length with its higher T, and higher viscosity
produces a lower relaxation rate. On the average, the longer chain C7DP30 has a
relaxation frequency about 108 Hz lower than the shorter chain C7DP8 at the
same temperature, which clearly indicates that the longer polymer backbone hind-
ers the rotation of the mesogen about its short axis and also makes 8 slightly smaller
in amplitude than the shorter chain sample.

The loss amplitude in the H-aligned sample decreases slowly with increasing
temperature, see Figure 4(a), which may result from the deviation of the LC director
(the long axis of the molecule, or the easy-optical axis) from the layer normal due
to the increasing thermal fluctuations with increasing temperature.

o-Relaxation

The weak high-frequency a-peaks are observed in the unaligned samples (Figure
3), while they are enhanced in the P-alignment and are almost absent in the
H-alignment (see Figure 4 and Table II). The average width parameter § is about
0.33 and roughly independent of the chain length, therefore, this process can be
thought to involve both longitudinal and transverse dipole moments in the meso-
genic group which combine into a few different rotational modes. Since the am-
plitudes of the a-peaks are much smaller than those of the 8-peaks and almost
uncoupled with the driving electric field in the H-aligned samples, the major con-
tribution to the o process comes from the transverse dipole moments (pu, < p,)
rotating about their long axis. Being similar to the & process, the relaxation fre-
quency in the o process of each sample in the isothermal condition remains nearly
unchanged independent of the alignment and is slowed down by 10°# Hz from
C7DP8 to C7DP30.
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Glassy Behaviors

The loss-maxima frequencies vs. reciprocal temperature (Arrhenius plot) in the
both & and o processes display curved, non-Arrhenius behaviors and the relaxation
frequencies decrease rapidly as the temperature approaches T, in the mesophase
region (see Figure 6 for C7DP8), which demonstrates typical glassy behaviors in
the polymeric materials. The activation energy for the & process at 320 K is around
153 kJ/mole for C7DPS8, 218 klJ/mole for C7DP30. The o process has a similar
activation energy but deviates from the 3 process as T approaches T,. The activation
energies in both & and a processes increase rapidly as T approaches T,. Although
this kind of glassy behavior is performed by the mesogenic group in the side-chain,
which is connected to the polymer backbone via seven carbon spacers, it must
represent the polymer’s structural motion to some extent. In other words, some
information regarding the polymer backbone’s motion near T, may be provided
by monitoring the relaxations in the side-chain. It is of fundamental interest to
understand the debated glass transitions in the polymeric materials.3'-

Two phenomenological equations, WLF and VF equations, given in the follow-
ing, have been used to study the glassy behaviors in the 3- and a- relaxations.

WLF equation,
Logiolfr(T)/fr(Ty)] = A(T — To)(B + T — Ty) (5)

where, A and B can take the universal values, A = 8.66, B = 101.6, when T, =
T, + 50 K. This equation basically gives the relation between the relaxation fre-
quency and the glass transition in most polymeric materials.

6— 1]
o o 5

5 Tt ¢ T,=282 K
3 .
8 !
4 J ? $ 3 i
3 3 . s
= 2 ° '
o 3 g .
3 3 . :
24 % o E
[e] i
3 ,
0 H
14 s . ;
s

0_ | | 1 1

2.8 3.0 3.2 34 3.6

1000/T (K)

FIGURE 6 Arrhenius plot for the 8 and a processes in C7DP8 (+ unaligned, O H-aligned, ¢
P-aligned). Note, the a process is absent in the H-aligned sample.
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VF equation,

fr = feexp[-CUT — T.)] (6)

where, fCis very high usually between 10** Hz and 10! Hz, may also be a polynomial
function of temperature; T is sometimes called Vogel temperature with T, < T,.

Figure 7 demonstrates the 8- and a-processes in the P-aligned C7DP8 being fitted
to either WLF or VF equations and Table III lists all the results for the studied
samples. The WLF results can be verified by inspecting the consistency between

6
a
5
3
~_ 4— )
N
Z
o 3
§
24
1
0
T T T T T T T
300 310 320 330 340 350 360
Temperature (K)
FIGURE 7 The 8§ and a processes of the P-aligned C7DP8 fitted by WLF and VF equations. +,
relaxation frequencies; -+ - - , WLF fitting; ———- , VF fitting.
TABLE IIT

Results from WLF and Vogel-Fulcher equations for two major relaxation processes of
all studied samples, (f and f° in Hz; T,, C, and T, in K)

WLF Vogel-Fulcher

Sample Align. & a 5 o

logf(Tg) Ty logf(Ty) Ty logf® ¢ T, logfi® C T

CIDP8 U- 245 320 334 310 9.11 1159 243 6.99 240 281
H- 236 317 - -- 10.4 1721 224 -- - -
P- 237 320 353 314 9.54 1361 237 7.64 351 276
CIDP30 U- 278 331 3.60 322 683 586 270 5.05 847 297

H- 222 325 268 310 899 1188 248 105 1620 221
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fr(T,) and Ty, i.e., fa(T,) should be the relaxation frequency at temperature T,
For example, log fx(310 K) for the a process of the unaligned C7DP8 is, respectively,
3.34 from the WLF equation (5) and 3.35 from the direct loss peak finding. In
C7DP8, the relaxation frequency average 10°# Hz higher than C7DP30 roughly
equals to 8 K difference in T, which is consistent with the DSC measurement (see
Table I). Figure 8 shows the 8-relaxation frequency vs. “normalized temperature”
(T - T,)/T, for both the shorter chain C7DP8 and the longer chain C7DP30. The
WLF equation (5) fits them very well and both C7DP8 and C7DP30 have the
similar glassy nature, independent of the polymer chain length. However, the WLF
calculated glass transition TVLF (=T, — 50 K) is 12-22 K lower than the calori-
metric T, for CTDP8 and 10-30 K lower for C7DP30. On the other hand, the glass
transition of poly{vinyl methyl ether} (PVME),3* TFVME is at 245 K, about 37 K
and 45 K lower than our polyvinyl-ether based C7DP8 and C7DP30, respectively.
The T]''F is allocated in the range between TFVME and the SCLCP glass transition
temperature 75°-F, which implies that the glassy behavior in the SCLCP system
may result from the cooperative motion between the side-chain and the polymer
backbone. The observed glassy behavior of the side-chain mesogen, therefore, also
reflects the structural cooperative motion of the polymer main chain to some extent.
In the VF [Equation (6)] results, the frequency prefactor f° is far smaller than the
universal value 10'? Hz and f° should have been treated as a polynomial function
of temperature. The Vogel temperature T, is overall below the calorimetric T, for
both 8 and « processes in all the studied samples, except for the a process in the
unaligned C7DP30, which has fewer data points.

Dielectric Anisotropy

The dielectric anisotropy, «,, is defined as the difference between dielectric con-
stants when the L.C director is parallel to the external electric field and when it is
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FIGURE 8 &-relaxation frequency vs. “normalized temperature” (T — T,)/T,. +, CTDP8 (T, = 282
K); [0, CTDP30 (T, = 290 K); - - - - - - - , WLF fitting.
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perpendicular to the field, i.e., the dielectric constant difference between the
H-alignment and the P-alignment,*

SaEeﬁ - Ei (7)

Figure 9(a) plots the ¢} and €', of C7DP8 vs. log frequency at 320 K with a
crossover f, = 1.6 kHz. The sample has a positive dielectric anisotropy, ¢, > 0 for
f > f. and exhibits a negative anisotropy, ¢, < 0, for f > f.. Figure 9(b) shows the
crossover frequency f. vs. temperature and log f. is in a near linear increase with
temperature. The sample favors H-alignment when a low-frequency AC electric
field is applied while it favors P-alignment if a high-frequency field is applied. From
this point of view, using two-frequency addressing technique,!5%® the sample can
also be aligned into H- or P-states when it is cooled down from its isotropic tem-
perature to room temperature under intensive AC electric fields. However, in our
cyano-biphenyl samples, the positive anisotropy e,(f < f.) is much larger than the
negative anisotropy &,(f > f.) and it is expected that the H-alignment could be
obtained while the P-alignment would be very difficult to be achieved by AC electric
fields.
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FIGURE 9 Dielectric anisotropy €, in CTDP8, (a) €, and &', at 320 K with crossover frequency f. =
1.6 kHz; (b) f. varying with temperature, nearly an exponential relation.
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FIGURE 10 ¢" spectra of C7TDP8 at 310 K (x &}, + €}, ¢ €}). The dashed curve is a result of
Equation (9) with §, = —0.125.

Director Order Parameter

The director order parameter S,, between —0.5 and 1.0, can be used to evaluate
the degree of alignment in the SCLCP system, assuming that S, is 1 in the perfect
H-alignment, —0.5 in the ideal P-alignment, 0 in the absolutely unaligned sample.
Attard, Araki, and Williams'® suggested that S, can be expressed as

_ 2(Glw)y = [(Glo)y + 2(Glw)p]
- 2[(Glw)y — (Glew)p)

Sa (8)

Alternatively,
ep(w) = (1 + 28 )eh(w)3 + 2(1 — Sy)ep(w)/3 9)

where, subscripts U, H, and P stand for unknown or ‘“‘unaligned,” H-alignment,
and P-alignment, respectively.

Figure 10 shows the spectra of the unaligned, H-aligned, and P-aligned C7DP8
at 310 K. The S, for the “unaligned” sample is —0.125 from fitting Equation (9),
which indicates that our ‘“‘unaligned” C7DP8 shows some H-alignment and LC
molecules tend to be perpendicular to the glass plates without any alignment efforts
although such tendency is rather weak.

CONCLUSION

Two major relaxation processes in the polyvinyl-ether based cyano-biphenyl side-
chain liquid-crystalline polymers have been confirmed in terms of the rotational
diffusion mode theory in comparisons of the unaligned, homeotropically and plan-
arly aligned samples in smectic-A phase. The glassy behaviors of these two relax-
ations near T, investigated by WLF and Vogel-Fulcher equations may also have
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some correlations with the polymer backbone. The polymer chain length only
affects the relaxation frequency and basically does not change the nature of the
specific relaxation process. The strong positive dielectric anisotropy in such a system
suggests that the samples can be homeotropically aligned in a presence of a low-
frequency AC electric field.
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