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Dielectric Relaxations of a Side Chain Liquid
Crystal Homopolymer and Copolymer

R.B. AKINS, Z.Z. ZHONG, W. L. GORDON and D. E. SCHUELE
Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106-7079, U.S.A.

( Received October 1, 1993; in final form April 6, 1994)

The dielectric loss spectrum of a side chain liquid crystal polymer (SCLCP) has been measured from 10 Hz to
160kHz in the smectic phase. Three liquid crystalline siloxane polymers are examined, a homopolymer and
two random copolymers, all of which contain a chiral smectic mesogen and an eleven-methylene spacer in
the side chain. Two dielectric relaxations have been observed, the high-frequency o and low-frequency
d processes. The effect of the copolymer morphology in these SCLCPs is to increase the dielectric relaxation
strength of the & process relative to the o process and to cause increased overlap between the two peaks. These
two observations suggest that the copolymer structure aids large scale reorientations in the  process because
of increased cooperativity with the backbone.

Keywords: Liquid crystal polymer, dielectric relaxation, glass transition, polymer back-

bone, Fuoss—Kirkwood function.

INTRODUCTION

Side chain liquid crystal polymers (SCLCPs) have received a great deal of attraction in
recent years both as novel materials and as potential applications for information storag-
ge.!™* SCLCPs combine the desirable mechanical properties of polymers with the electro-
optic properties of low-molar-mass liquid crystals. In the SCLCP geometry liquid crystal
mesogens are attached to a polymer backbone via flexible spacers, usually alkyl chains.
The mesogens and spacers form pendant side groups off the polymer backbone, giving
the molecule a comb-shaped structure. The flexible spacers serve to mechanically decouple
the mesogens from the backbone so that the mesogens can reorient with minimal re-
ordering of the polymer backbone. At low temperatures SCLCPs are cither semi-crystal-
line or glassy. Above a certain temperature, usually the glass transition temperature,
they exhibit liquid crystalline mesophases, i.e., nematic, smectic, cholesteric, etc.>
To enhance the decoupling of the backbone and mesogenic units in such a side-chain
system, Percec and co-workers have synthesized a series of poly(methylsiloxane) based
SCLCPs containing heterocycloalkanediyl mesogens as both a homopolymer and
several random copolymers with poly(di-methylsiloxane).*7"1° In the copolymers
a spacer and mesogen is attached to only a certain percentage of the backbone units. In
the comb analogy the copolymer appears as a comb with random teeth missing. They
have suggested that the two changes in heat capacity in the copolymers are most
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probably associated with two glass transition temperatures. One glass transition
temperature is assigned to the independent motion of the polymer backbone and the
other to the cooperative (but independent from the polymer backbone) motion of the
side groups. Therefore, these copolymers should exhibit an intramolecular micro-
phase-separated morphology.!! Extrapolation of these two glass transition tempera-
tures suggest that the poly(methylsiloxane) containing mesogenic side groups may also
exhibit two glass transition temperatures.'°

There has been a great deal of interest in dielectric studies for SCLCPs.*271* Most
SCLCPsshow two dielectric relaxations in mesophases right above the glass transition
temperatures. In all recent studies based on rotation dynamic theory,'3~*® these two
relaxations are referred to as ¢ and o processes in decreasing temperature. At a given
temperature the a process occurs at higher frequency than the é process. The d process
is essentially associated with the rotation of the longitudinal dipole moment in the
mesogen about the short axis of the uniaxial mesogen. In smectic phases, this implies
that the mesogen may possibly rotate about the polymer backbone, hopping from one
smectic layer to another. The o process is thought to be a combination of a few
rotational reorientation modes, dominated by the rotation of the transverse dipole
moment about its long axis. Some portions of polymer backbone may also contribute
to the a process, however debate remains on this point.!*"2! Other than the nature of
the glass transition of the backbone, these assignments have been largely confirmed in
the past several years by studies on homeotropic and planar aligned samples.>*!

Haws et al. have made dielectric studies on a series of copolymers having mesogenic
side groups on the average attached to 21/40 methylsiloxane backbone units with
various spacer lengths and mesogens.>> Two equivalent homopolymers were also
studied. In their study one homopolymer/copolymer pair is designated GN3/17 and
Gn3/18, the other pair is designated “A” and GN3/16.2* The work was done on
unaligned samples and the dielectric data was fitted to Fuoss—Kirkwood functions.?*
For the pair GN3/17 and GN3/18 at T=0.95 T,, where T, is the clearing temperature,
both « and J relaxations appeared at lower frequencies for the copolymer than for the
homopolymer. The authors attributed this to a relatively high microviscosity in
copolymer GN3/18. The decrease in relaxation frequency was greater for the « peak,
resulting in the two peaks becoming more overlapped in the copolymer. In the pair “A”
and GN3/16 at T=092T,, the narrow J process was also at a lower frequency.
However the o process appeared at a higher frequency in the copolymer, resulting in the
peaks becoming less overlapped. In this case the copolymer structure presented less
hindrance to the motion of mesogenic dipole components.

In this article, we will examine one poly(methylsiloxane) based homopolymer
containing a chiral smectic mesogen and two corresponding copolymers, consisting of
35 and 56 mole % mesogen-containing units mixed with backbone units without
mesogens. ! In particular, we will address the consequences of the copolymer structure
on the dielectric relaxations in these materials.

EXPERIMENTAL

Three liquid crystalline polymer samples, one poly(methylsiloxane) and two
poly(methylsiloxane-co-dimethylsiloxane)s containing 2-[4-(2(S)-methyl-l-butoxy)-
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phenyl]-5-(11-undecanyl)-1,3,2-dioxaborinane side groups, were provided by Profes-
sor Percec’s group at Case Western Reserve University.'®?5 The samples contain
a mesogen attached via an eleven-methylenic spacer to a siloxane beckbone, see
Figure 1. The homopolymer has a degree of polymerization (DP) of approximately 23
(x &~ 23, y &~ 0). This DP is high enough so that the thermal transitions are independent
of molecular weight. The copolymer samples have respectively 35% and 56% mole
fraction of mesogenic units. The 35% copolymer has DP ~ 45 (x =~ 16, y ~ 29) and the
56% copolymer has DP =~ 100 (x = 56, y~ 44). Differential scanning calorimetric
measurements (DSC) were taken for each of the three samples on a DuPont model 910.
Repeated runs show consistency in the position of the mesogenic phase transitions, but
the glass transitions vary as expected with thermal history. The transition temperatures
of each phase are shown in Table I. The liquid crystalline phase recognitions are based
on polarizing optical microscopy studies. All three samples show two smetic phases
between the glass transition and the clearing point or isotropic transition. The higher
temperature smectic phase is smectic-C* phase. The lower temperature smectic phase is
not yet conclusively identified.

The samples were vaccum cast above the clearing point onto three-terminal brass
cells. The 50-pum kapton spacers were placed between the high electrode and the guard
ring. The individual brass sample cells were placed in a four-sample holder which was
mounted in a cryostat for data collection at low temperatures and a vaccum oven for
data collection at elevated temperatures. The temperature in both the cryostat and
vacuum oven was controlled by a Lakeshore Model DRC 82C temperature controller

CH,4 CH,
| I

—Si-09)- - (Si-0)—
| x | y
R CH,

CH,

I
—E_c),ls—@o-CHz-gH-csz
o)
R=-(CHjy)y

FIGURE1 Chemical structure of polymethylsiloxane based side-chain liquid crystal homopolymer and
copolymer.

TABLEI
Phase Transition Temperature (K) in the Studied Liquid Crystal Polymers

Sample DP Glassy Smectic Smectic-C*  Isotropic
x y T, T, T, T,

Homopolymer 23 0 274 294 360

56% Copolymer 56 44 207 268 282 345

35% Copolymer 16 29 193 261 276 307
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with two platinum temperature sensors. Dielectric loss and capacitance data were
taken at 17 frequencies (10 Hz to 100kHz in linear logarithm) on an ultra-precision
ratio-arm transformer bridge (CGA-83, Andeen and Assoc.?%) at 5K intervals from
200K to 450 K. Individual sample cells were connected sequentially to the bridge via
a Keithley Model 705 RF switch.?’

RESULTS

Dielectric loss spectra for the homopolymer, 56% copolymer and 35% copolymer in
the smectic phases are shown in Figures 2, 3, and 4, respectively. The homopolymer
and the 56% copolymer appear to have both the high-frequency « process and the
low-frequency & process. The 35% copolymer in Figure 4 exhibits only one process
observed.
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FIGURE2 Dielectric loss (G/w) spectrum for the homopolymer. (a) The high-frequency o process from 278
to 303K in 5K steps; (b) the low-frequency é process from 313 to 363K in 10K steps.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:24 18 February 2013

DIELECTRIC RELAXATIONS 19

0.04

0.03 4

0.02

G/® (pF)

0.01

0.00

0.08

0.06
ke

Log f (Hz)

FIGURE 3 Dielectric loss data for the 56% copolymer shown in 5K steps. (a) The o process (273-293 K);
(b) the & process (293-338 K).

To obtain accurate information on the individual processes the loss data is fit to
empirical lineshapes as a function of frequency over the entire range of temperatures. At
each temperature the data is modeled with a fitting function using a Levenberg—
Marquardt minimization technique.?® A sum of Fuoss—Kirkwood model functions
is used for the fitting function.?* The Fuoss—Kirkwood function for a single dielectric
loss peak is given by

—g-= L,,cosh™ [ Bln(w/wg)] (1)

where, G/w is the dielectric loss (conductance G/angular frequency w =2nf),
wg =2nfy is the relaxation frequency, L, is the amplitude, and B is the width
parameter. The symmetric Fuoss-Kirkwood model is convenient because the ampli-
tude and width are each governed by a single parameter. The area of the peak is simply
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FIGURE 4 Dielectric loss data for the 35% copolymer shown in 5K steps (258-303K). Only one
mesophase relaxation peak is observed.

nL,,/B, which is proportional to the dielectric relaxation strength,
A =g, —¢ =2,/ 2

while &/, =L, /C,, &, and &, are the dielectric constants at low-end and high-end
frequencies.!* The dielectric data has been fit over the entire temperature range with-
out difficulty so as to obtain the relaxation frequency f, width parameter f and loss
amplitude L, in Equation (1). The d.c. conductivity was not measured but was assumed
to be ohmic and fit where significant.

The resulting relaxation frequencies for the three samples are summarized in
Figure 5, which is an Arrhenius plot in terms of reciprocal temperature. All the curves
for the a process in Figure 5 show strong downward trends in approaching the glass
transition. This sort of molecular dynamic phenomena are called glassy or non-
Arrhenius behavior?® and are often studied by Williams-Landel-Ferry (WLF) equa-
tion or Vogel-Fulcher (VF) equation.?? The WLF equation is,

(D)} AT-T,)
Loglol:fo(To)] - B+ T— TO’ (3)

where, A and B are constants and for a wide variety of polymers 4 = 8.66 and B = 101.6
when T, = T, + 50K, fp is the relaxation frequency at an individual temperature T.>'
Meanwhile the VF equation, given by

fr=fexp[- CAT—T,)], 4)

can also be used to study this glassy behavior. Here f° is a very high usually between
10'°Hz and 10!?Hz, may also be a polynomial function of temperature; T, is
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FIGURES Arrhenius plot obtained from Fuoss—Kirkwood data fitting Equation (1). ®, homopolymer
o process; B, homopolymer 6 process; 0, 56% copolymer « process; (1, 56% copolymer § process; +, 35%
copolymer. Arrow indicates the smectic—smectic-C* transition temperature 7, _ . for each sample.

sometimes called Vogel temperature with T, < T, The VF equation is a three-
parameter fit (4, B, and T_) whereas the WLF equation is essentially a one-parameter
fit (only T,). However the interpretation of the Vogel temperature T, in terms of glass
transition is not very clear.3?

Figure 6 demonstrates the a processes for the homopolymer and 56% copolymer
being fit to WLF Equation (3) and VF Equation (4). The WLF equation gives a poor fit.
This is not entirely surprising considering the complexity of the side groups of these
systems compared to the polymers from which the WLF constants 4 and B were
derived.?! On the other hand, the VF equation is able to fit the data well and the fitting
parameters are, f°~ 10%°Hz, C~ 317K and T, ~ 254K for the homopolymer;
f°~10%2Hz, C~ 65K and T,, ~ 266K for the 56% copolymer.

Homopolymer

The two smectic phases seen via DSC in the homopolymer lie between the glass
transition at about 274 K and the clearing point at 360 K, see Table I. In this range the
dielectric results show the two processes « and d, see Figure 2. The « process is visible in
the frequency range of this experiment from about 275K to 325K. The § process
appears together with the high temperature part of the a process above 305K and is
visible up to the clearing point. Above the clearing point the J peak rapidly diminishes
corresponding to a shift to higher frequencies. Clear from the Arrhenius plot for the
resolved « and J processes in Figure 5, the § peaks cover the entire smectic-C* phase
and the a peaks cover both smectic phases. The J peak seems linear with an activation
energy 118kJ/mole, which is proportional to the slope in the Arrhenius plot. As
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FIGURE 6 The a processes for the homopolymer (@) and the 56% copolymer (o) fit by WLF Equation (3)
(-——-) and by VF Equation (4) ( .

mentioned above, the & process shows strong non-Arrhenius behavior approaching T,
Its activation energy is temperature dependent and increases rapidly toward T,

A useful point of reference to compare the peak frequencies and the separation
between peaks is the smectic—smectic-C* transition temperature T, _ su> S€E Table 1. At
this temperature both « and J peak frequencies can be obtained dlrectly from the data
or by extrapolating from the Arrhenius plot in Figure 5. The T,_ . is approximately
294K for the homopolymer, at which the é peak is at approx1mately 10° Hz and the
o peak is at 103! Hz. The separation of the two peaks can be expressed as the ratio of
the frequencies at this temperature, and that is about 1031,

Copolymer

The two smectic phases in the 56% copolymer lie between the glass transition at 268 K
and the clearing point at 345K, see Table I. Both the o and é processes are seen in this
temperature region, see Figure 3. The & process is seen clearly from 293K up to the
clearing point, at which it is again seen to rapidly diminish. It probably exists in the
isotropic phase but at a much higher frequency. Both peaks have again been well fit by
the symmetric Fuoss-Kirkwood functions in Equation (1) and the results are shown in
Figure 5. At smectic—smectic-C* transition temperature T, _ « (= 282K) the é peak isat
approximately 10%5 Hz and the « peak is at 103-5 Hz, with a separation of about 103-°.
Overall, in terms of the temperature/frequency position, the o and é peaks in the 56%
copolymer have about the same separation and temperature dependence as the
homopolymer. The only difference is a shift towards higher relaxation frequency by
about one decade for the 56% copolymer at a certain temperature, in accord with the
lower transition temperature in the copolymer. The Arrhenius plot shows almost no
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curvature for the é process and strong curvature for the a process, see Figure 5. An
activation energy for the 4 process is estimated to be 112 kJ/mole, about 5% lower than
that for the homopolymer. The o process was also fit to a WLF equation with poor
results (Figure 6). Again the VF equation fits well and is probably due to the three
adjustable parameters.

The most striking difference between the 56% copolymer and the homopolymer is
the size of the a process. As shown in Figure 3, the a process for the 56% copolymer is
much smaller relative to the 6 process, and is only barely visible between T, and T, _ ..
Because of this, it is difficult to resolve the o process at higher temperatures (above
10kHz) where it should still be visible. At lower temperatures the « peak may be seen
approaching the glass transition, near which it broadens considerably.

As mentioned above, like the homopolymer and 56% copolymer, the 35%
copolymer shows two smectic phases between the glass transition T, (~ 261 K) and the
isotropic transition T, (= 307 K), see Table I. However there is only one relaxation
process observed in this temperature region (Figure 4), and the single peak is well fit by
a single Fuoss—Kirkwood function, see Equation (1). The smectic—smectic-C* transi-
tion T, _ . occurs at 276 K. The relaxation appears between the second glass transition
T, and up to the isotropic transition T.. The Arrhenius plot of this single peak seems not
decreasing monotonically, see Figure 5. As such it is fit by neither a straight line
(Arrhenius equation) nor any glassy description, i.e., WLF or VF equations. The
activation energy is estimated to be 120kJ/mole on the average.

DISCUSSION

There are two main points of interest in the above description of the dielectric spectra of
these materials, the rapid decrease in the area of the & process relative to the é process in
the 56% copolymer compared with the homopolymer and the presence of only a single
process in the 35% copolymer. The two phenomena appear to be related.

The dielectric relaxation strength A¢’, proportional to the area under the dielectric
loss peak, correlates with the average dipole moment per unit volume relaxed by the
process.>® The relative size of the « process compared with the § process is much smaller
in the 56% copolymer (Figure 3) than in the homopolymer (Figure 2). Inliquid crystals
the dipole moment per unit volume relaxed by a dielectric process is a function of both
the magnitude and orientation of the director.>® If only the magnitude of the director,
which represents the degree of order in the liquid crystal region, were significantly
different in the 56% copolymer compared to the homopolymer, then one would expect
both the « process and J process to be affected approximately equally by copolymeriz-
ation. As this is not the case we are led to believe that the orientation of the director is
the primary difference in the copolymer. The samples were prepared without any
special surface treatment and are expected to be multi-domain samples, with the
individual liquid crystal domains randomly oriented. We believe that in the 56%
copolymer the domains are preferentially ordered by the untreated brass surfaces in
a homeotropic alignment.?* Given the same surface condition, the 56% copolymer
may be more affected due to its lower vescosity. This would explain the diminished
a process as the a process is missing in a perfectly aligned homeotropic SCLCP.20:21.34
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As the samples are in opaque brass sample cells, it is not possible to observe directly the
degree of alignment. One test of alignment effects which was attempted was to change
the rate at which the samples were cooled from the isotropic phase. The samples were
heated to temperatures above the isotropic transition and rapidly quenched to 80K.
No effect on the relative size of the « and 6 peaks was observed.

The other point of interest is the observation of the single process in the 35%
copolymer. However, the a« and d processes in the 35% copolymer may both be present
but unobservable because of their closeness in frequency, that is, strong overlap. The
Arrhenius plot of a composite peak consisting of two peaks with different apparent
activation energies and comparable peak amplitudes at each temperature would
display unusual curvature, see Figure 5. The notion of overlapped peaks in copolymers
is consistent with the homopolymer/copolymer pair studied by Haws et al.*?

The single observed peak in the 35% copolymer occurs at 10> Hz at smectic—
smectic-C* transition T, _ . (= 276 K). As one generally expects the 6 process to always
be at a somewhat lower fréquency than the o process, the 6 process would be expected
at a frequency somewhat lower than 102-® Hz but no more than about 0.5 decade, and
the o process would be expected at a frequency somewhat higher than 10%° Hz. At
asimilar T, _,, the « processis at 10! Hz in the homopolymer and 10** Hzin the 56%
copolymer. The frequency of the « process in the 35% copolymer would seem a little bit
low, probably between 10%-° and 10*-! Hz. The frequency of the & process, extrapolated
from Arrhenius Figure 5, is 10° Hz in the homopolymer and 10%°Hz in the 56%
copolymer. In the 35% copolymer there is then a significant increase in the frequency of
the & process to a value probably between 102! and 102 Hz. In other words, the
separation between two peaks in the 35% copolymer at T,_ . is less than one decade
compared with approximately 3.1 decadesfor the homopolymér and 3.0 decades for the
56% copolymer.

As mentioned in the introduction, the é process is thought to be rotations of the
longitudinal dipole moment of the side-chain mesogen about its short axis, and in the
smectic phase it is possible for the mesogen to rotate around the polymer backbone,
hopping from one layer to another.'” It is likely that such a large motion requires
cooperation of the backbone segments with the mesogen. A large increase in the
frequency of the § process for the two copolymers indicates easier cooperative motion
for the polymer backbone. That is, in the copolymer, the backbone can rearrange itself
more easily to accommodate the reorienting mesogen, resulting in a faster process. This
change is not very apparent in the 56% copolymer, where there is a mesogen contain-
ing side group on approximately 1/2 of the backbone segments, but becomes quite
pronounced in the 35% copolymer, in which 1/3 of the backbone segments have
mesogenic side groups. We also note that in the homopolymer one would expect the
layers containing backbones to be more densely filled. This might be expected to
impede and slow down the § process. From this viewpoint , the increased cooperativity
of the backbone with the mesogen in copolymers is quite obvious.

Finally it is remarkable how similar the dielectric spectrum of the homopolymer
from this study is with the dielectric spectrum of the SCLCP studied extensively by
Attard and Willium et al.,?? especially considering their very different mesogens and
different spacer lengths (8 versus 11). Their smectic sample has transition temperatures
nearly identical to the homopolymer in this study—the glass transition 274 K and the
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clearing point 363K. The apparently higher activation energies for both « and
0 processes in their sample is primarily due to a shorter methylenic group attached to
the side of the phenyl ring, resulting in more coupling between the mesogen and the
backbone.?® This shorter spacer may also serve to increase the hindering of long axis
rotations by the polymer backbone.

CONCLUSION

The copolymer morphology in a side-chain liquid crystal system decreases the ampli-
tude of the high-frequency a process relative to the low-frequency 6 process, probably
through surface induced homeotropic alignment. Additionally in the copolymers both
the « and & processes are shifted to higher frequencies at a given temperature. In the
35% copolymer the J process is shifted more than the o processes resulting in the two
processes becoming overlapped. These observations suggest that the copolymer struc-
ture has a greater effect on large scale reorientations of the mesogen because of the
increased cooperation with the backbone.
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