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Conformational mobility in a polymer with mesogenic side groups
Dielectric and DSC studies
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Abstract

The relaxation times of the conformational rearrangements of the main-chain segments of a liquid crystalline side-chain polymer was
determined from differential scanning calorimetry experiments in the temperature interval around and below its glass transition. Phenom-
enological models with fitting parameters were used to evaluate the temperature dependence of the relaxation times and the form parameter
of the relaxation times distribution. These parameters were compared with its counterparts in the dialeletiation process which appear
in the temperature interval immediately above the calorimetric glass transition. For the temperature interval below the calorimetric glass
transition the differential scanning calorimetry (DSC) results were compared with the dielectric results obtained by the thermally stimulated
depolarisation technique® 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction motions in these compounds. The pioneering work in this
field was carried out by Kresse and coworkers [8,9]. Since
Thermotropic liquid crystalline polymers (LCPs) are then much work from different groups has been published
hybrid materials, which combine the mechanical, and the [10-33].
rheological properties of polymeric substances with the At low temperatures, below the glass transition tempera-
anisotropic physical properties of low molecular weight ture,Tg, side-chain LCPs are in the glassy state, like most of
liquid crystals [1-3]. Besides the academic interest, this the conventional polymers, and exhibit locally involved
combination of features confers upon these materials arelaxation processes, often labelled®asy,... with decreas-
versatility, which can be used in different applications, ing temperature. These relaxations were assigned to loca-
namely in optical information storage, non-linear optics lised motions within the side-groups [11,14,15]. Abokg
and chromatography [3,4]. these materials have liquid crystalline character up to the
A class of these polymers, having been synthesised sinceclearing temperature and two main relaxation mechanisms
the late 1970's [5-7], has side-chain mesogenic groupscould be identified, namedl and«, in the order of increas-
attached laterally to the main chain by means of a flexible ing frequency.
link, usually an alkyl chain. The alkyl spacer —(@H, with It was suggested that these two major relaxations could be
length x is introduced to decouple, to some extent, the predicted by the four-mode theory [22,34], based in the
motion of the mesogen from that of the polymeric backbone rotational dynamic theory proposed by other authors
[3]. [35,36]. According to this, the relaxation should be related
The molecular dynamics behaviour of polymers with to the motions of the longitudinal component of the dipole
mesogenic side-group, or side-chain LCPs were the subjectmoment of the mesogenic head gropup, and thex relaxa-
of intense research and, because of the polar nature whichtion should be mainly assigned to the motions of the corre-
usually characterise the main-chain and the mesogenicsponding transverse component of the dipole moment,
group, dielectric relaxation spectroscopy (DRS), has provenrotating about the mesogen’s long axis. Several authors
to be a very suitable tool to study the different molecular followed these assumptions to interpret the origin of both
6 and a processes at the molecular level [20—31]. More-
* Corresponding author. over, some experimental evidences, namely the dielectric
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results obtained after a previous macroscopic alignment of structural relaxation times on temperature. Several phenom-
the mesogenic groups in sample [19-31], supported theseenological models were developed on the introduction of the
attributions. In fact, it was observed that, when the side reduced time [41] to linearize the equations of the relaxation

groups were aligned along the direction of the electric process [43—-46], thus applying a superposition principle to

field (homeotropic alignment), the strength of iheelaxa- deduce an equation for the response to a complex thermal
tion was enhanced whereas the strength ofathrelaxation history.

was reduced, relatively to the unaligned state. However, the The evolution of the enthalpy in response to a thermal

planar or homogeneous alignment (alignment of the meso- history that consists of a series of temperature jumps from
gen’s groups perpendicularly with respect to the electric T;_; to T at time instants;, followed by isothermal stages is

field) showed the opposite effect [22,25,26,28—31]. given by:

However, the assignment of the process observed in N T
side-chain LCPs by dielectric spectroscopy has been contro-Ht) = H®Y(T(t)) — Z (J Acp(T)dt) dE—&-D), (@
versial. In fact, another group of investigators interpreted i=1 \ Ti-a

this relaxation as corresponding to the so-cabledelaxa-
tion observed in amorphous and semicrystalline conven-
tional polymers, associated to the dynamic glass transition
of the system [8—16]. In fact, some features of the LGPS’
process, namely the temperature location relatively to the
calorimetric glass transition temperature, the well described t dt’
temperature dependence of the relaxation time with the §= Jo )
Vogel-Fulcher—Tammann—Hesse (VFTH) equation, and . o
the corresponding activation energy range, are typical of The relaxation functior is assumed of the Kohlrausch—

whereAc,(T) = cu(T) — Cy(T) is the configurational heat
capacity, the difference between the heat capacity in the
equilibrium liquid state and that of the glassy state @&nd

is the reduced time.

(©)

The dielectric permittivity g*, of this process is related to _
. . : ) = exp—&). 4
a relaxation functiong(t),by a pure imaginary Laplace O p—&) @
transformation The relaxation timer(t) in Eq. (3) is a function of both
temperature and the separation from equilibrium measured

FW) oo Jw — ¢ (He . QD by the fictive temperature, which links any out of equili-
0

€07 fw brium state at temperatur& with an equilibrium one
It was shown that thex process as seen by dielectric [42,43]. The fictive temperature can be calculated from
relaxation in conventional polymers could be rationalized €nthalpy data through
in terms of the total relaxation of the dipole momentg,of ™ T*
chain segments. The relaxation function is approximately |_ (Ci(T) = Cpg(T))AT = JT (Co(T) — Cuy(T))dT, (5
the same as the dipole moment time correlation function ~ '

which can be given in terms of the time variatiorwgf[37]. whereT* is a temperature above the glass transition.
0n In the model proposed by Narayanaswamy [42] and then
> 3 (i(0)-i (1)) by Moynihan and his group [43] (hereafter the NM model)
_ ] the double dependence of the relaxation time on tempera-
=77 ’ ture and structure is expressed b
> 3 (wi(0)-14(0) P y
bl Ah* (x  1—x
= =+ —
Therefore, the time evolution of this relaxation function is o Aexp( R (T Tt )) ©

highly correlatiq r‘:Vith the spatial variat;on Of, the Fﬁpzle wherex is a parameter between 0 and 1. Eq. (6) reduce to an
moments/u,-, which occurs by means o roFatlons. in 1 € Anhrrenius dependence for the relaxation time in equilibrium
single covalent bonds along the polymeric chain. This (T, = T) with Ah* an apparent activation energy.

means that this relgxation process is intimatgly rela.ted Alternatively, in the model proposed by Scherer [44] and
with the conformational motions of the main chain Hodge [45] (called hereafter SH model) an expression

segments. _ deduced from the Adam—Gibbs [48] theory is applied
The relaxation times of the conformational rearrange-

ments can be also obtained by differential scanning calori- 1T.S) = Aexp( B ) @
metry (DSC) through the modelling of the structural ’ TSET) )

relaxation process. Structural relaxation is the term that . ' . . .
designates the process of approach to an equilibrium staté’rv hﬁgegf ;s/z_;f:)engo;rfrlig\;/lérsaifrfjé]e ntropy. Assumiag(T) =
undergone by a glass held at constant environmental condi- 9~ ™ "¢

tions after its formation history [38—41]. The glass transi-
tion itself is the result of the exponential dependence of the

D
T = Ao s ) ©
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Fig. 1. (a) Sketch of the configurational entropy corresponding to the liquid 12 —— ‘ ! ':
state (dashed line), to an experimental cooling scan at a finite cooling rate 245 250 255 260 265 270 275 280
(solid line), and to the hypothetical line of the limit states of the structural
relaxation process (dashed—dotted line)cflf}) lines corresponding to the Temperature (K)
three cases described in a): the dashed line corresponds to the liquid state <
cy(T) the solid line corresponds to an experimental cooling scan, and the 2.2 fb)
dashed—dotted line corresponds to the specific heat capacity in the limit ‘
states of the structural relaxation procaé.',%‘:(‘l’). |
2 -
. . . . . C T
whereT, is the Gibbs—DiMarzio [49] transition tempera- %)1 g
ture. Eq. (8) reduces to a Vogel equation in equilibrium. 5 7
In both NM and SH models four parameters describe the & ‘
structural relaxation procesalg*, x, A, andg in NM model O16
andD, T,, A, andB in SH model). These parameters are }
assumed to be material parameters, and so independent from 14
the thermal history. Nevertheless it was shown that it is T
difficult to reproduce with a single set of model parameters 12

thec,(T) curves measured in DSC heating scans after differ-
ent thermal histories [50-53].

One of the main assumptions in the aforementioned
models is that an amorphous material kept in isothermal

conditions in any of equilibrium states would reach, at infi- 29 ,,c)
nite time, an equilibrium state determined by the extrapola- ’

tion to temperatures below, of the enthalpy equilibrium

line determined at temperatures above the glass transition. 2
This comes from the identification of the limit of the fictive <
temperature at infinite time witfi. Recently a model has ~ ©1.8 +
been proposed in which the limit at infinite time of the 22
structural relaxation process is considered to be a metaest- 8— 16 1
able state with higher configurational entropy and enthalpy |
than the equilibrium state obtained by extrapolation. This 1
situation would come from the collapse of the configura- 1.4 -
tional rearrangements when the number of configurations |
available for the polymer segments would attain a certain 1.2 ! 3 |

limit. When this limit is reached, the system is in a metaest-
able state and no further decrease in the configurational
entropy is possible. Thus the equilibrium states would not

245 250 255 260 265 270 275 280

Temperature (K)

245 250 255 260 265 270 275 280

Temperature (K)

be attainable with the kind of processes described in this _ , , _ _
Fig. 2. Experimentat,(T) curves measured in heating scans after different

work. _ _ _ thermal histories (a) Cooling at I, 2 (X), 5 (A), 10 (¥), 20 (©) and
To introduce this hypothesis the model equations 4pc/min, (b)T,= —15C, t, 1176 @), 305 ©), 120 (¥), 80 (1), 20 (X)
were expressed in terms of the configurational entropy and 5 min ) (c) T,= —23C, t, 860 @), 263 (©) and 76 min ¥).
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Fig. 3. Fictive temperature in the glassy state after cooling at different
cooling rategy, from the liquid state.

[54,55].

Agy™(T)
T

) n T
s =8"TW) - > (L dT) HE— &-1),
i=1 i-1

©

where §™(T) is the configurational entropy in the

metaestable limit states. To describe this function it is
necessary to introduce new model parameters what, in
principle, is not desirable. To reduce the number of new
parameters to a minimur®™(T) was defined as shown

in Fig. 1(a) (dashed—dotted line). The slope of the
S™(T) curve is smaller than the one of the configura-
tional entropy in equilibrium SYT) at temperatures

below the glass transition. The change of slope
approaching the equilibrium values is gradual covering
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and the glassy states. In this way a single additional
parameterd defined in Fig. 1, is introduced in the
model.

In Eq. (9) the reduced time is given by Eg. (3), the
relaxation function is the KWW Eg. (4) and the relaxation
time is given by the Adam—-Gibbs expression (7), which
needs no further manipulation to be introduced in (9).
Acy™(T) is defined through:

) ) Ti
ST - ST = |
T-1
thus, if T* is a temperature above the glass transition region,

for any temperaturd, in the glass transition temperature
interval or below

Acy™(T)

- dT

(10

lim

. T AdM™(T
s —sr = [ 22 Dar, an
T
SUT) = J MdT. (12
T T

It has been shown [54-59] that the agreement between
the model simulation and the experiments is highly
improved when the values &™(T) are significantly higher
than that ofSYT).

It was also shown that structural relaxation results,
obtained by differential scanning calorimetry (DSC)
measurements, could be well correlated with the dynamic
glass transition of polymeric systems as observed by dielec-
tric relaxation spectroscopy [54,57,59]. In this work the
study of the structural relaxation of a side-chain LCP in
the glass transition region is reported. The results are
compared with previously published dielectric spectroscopy

> _results on the same compound [33] in order to elucidate the

nature of thex relaxation observed in this kind of materials.

2. Experimental

The liquid crystalline polymer studied in this work is
from Merck (catalogue no. LCP1) and has the following
structure

(CHakSi‘—%O—%

H;

i——0-Si(CH
l‘}: i(CH3)s 5
(CHz)s——o—Q——coz—Q——coz~—0H2——"

CH,

H
ToHs

a temperature interval of 15 K. The change of slope
shown in the sketch of Fig. 1(a), determined by the
reference temperatur@,., should be quite coincident

with the glass transition temperature interval. We will
take in the calculations a value foF equal to the

glass transition temperature determined from the inter-
section of the enthalpy lines corresponding to the liquid

with n ~ 40 According to the manufacturer, it has a glass
transition temperature near7°C and a smectic Cl/isotropic
transition at 76.8C.

The differential scanning calorimetry, DSC, experiments
were carried out in a Perkin—Elmer DSC?7 differential scan-
ning calorimeter with controlled cooling accessory. The
temperature of the equipment was calibrated with indium
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and lead standards and for the heat flow calibration only the 4. Discussion

same indium sample was used. Calibration of the absolute

heat capacity was performed using sapphire. All calibrations The temperatures at which appears thedielectric

were carried out during heating, at®@imin. relaxation process justify the first hypothesis that its origin
The weights of sample and reference pans were matcheds closely related to the glass transition process observed in

to within 0.01 mg and a LCP1 sample weighing 10.293 mg DSC. The phenomenology of the latter should be related to

was used. All the experiments on LCP1 started 4€50ith the vitrification process produced by the lack of most of the

the sample in equilibrium. Thermal histories included cool- conformational mobility of the main chains of the polymer

ing at different rates as well as isothermal annealing stagesas the temperature decreases in the range of the glass transi-

at different temperature¥,, over different time intervalg,. tion as has been extensively discussed in amorphous poly-
The measuring scan was carried out during subsequentmers. Nevertheless as discussed in Section 1 other
heating scans at a constant rate;Cénin, from —50°C to ascriptions for the dielectric relaxation process are possible:
50°C. more local motions in the mesogenic groups which in prin-

ciple, as secondary relaxations, would not be detected in
DSC experiments. If this interpretation is accepted the
3. Results appearance of the relaxation at temperatures immediately

above the glass transition would have to be studied from a
Thec,(T) curves measured in heating scans after different different point of view.

thermal histories are shown in Fig. 2. When the thermal  To prove the close relation between the relaxation

history of the glassy sample consists in a cooling from a process and the DSC glass transition, and so with the
temperature abovg, the effect of the cooling rate is analo-  |oose of the conformational mobility with decreasing
gous to that of any other amorphous material, i.e., when the temperature along the relaxation interval, it is necessary a
cooling rate decreases the height of the peak that appears ifmore detailed comparison of the characteristics of both
cp(T) in the high temperature side of the glass transition processes. These means to be able to compare the tempera-
increases (Fig. 2(a) shows only some of the experimental ture dependence of the relaxation times of the dielectric
curves measured after this type of thermal history). The relaxation and the structural relaxation and the width of
shape of this peak is a measure of the glass transitionthe relaxation times distribution as well. The obvious diffi-
temperature, or the fictive temperature attained in the glassyculty is that the DSC thermograms do not provide a direct
state after the cooling down proces3s, as it can be calcu-  measure of these parameters. The modelling of the struc-
lated using Eq. (5) for the lowest temperature attained in the tural relaxation process is a useful tool to go from experi-
cooling process. This temperature is the glass transition ments to the phenomenology of the structural relaxation
temperature determined by the intersection point of the phenomenon in terms of the characteristics of the relaxation
enthalpy lines in the equilibrium liquid and the glassy states. times.

The value of the fictive temperature in the glassy state
is represented in Fig. 3 as a function of the cooling tpie
alnqguwvs.1/My plot. The well known relationship between the
slope in this diagram and the temperature dependence of the g determine the relaxation times of the conformational
relaxation times of the structural relaxation around the glass rearrangements form the DSC experimental results a series
transition [60] allows to dete_rmine an apparent act_ivation of six ¢,(T) curves were reproduced with the model equa-
energy Ah* of the conformational rearrangements in the tjons with the same model parameters that are considered
narrow temperature interval around the glass transition  mgaterial parameters independent from the thermal history.
dIn ding,  Ah* TQ do thi; the heating and cooling ramps were simulated

aT dUT; =R (13 with a series of 1temperature steps followed by isothermal

stages to give the same average temperature change than in
wherer®%indicates the relaxation time in equilibrium, aRd ~ the experiments. It has been shown [61,62] that the tempera-
is the gas constant. With this procedure a valuAltf R = ture gradients inside the DSC sample during a heating scan
85 kK was found for this glass transition. at 10C/min are between 0°&nd T depending on the thick-

When the thermal history previous to the measuring scan ness of the sample and the thermal contact between the
contains an annealing period, thgT) experimental curve  sample and the sample pan and between the sample pan
shows the characteristic peak that shifts to higher tempera-and the instrument cup. In some way the experimental result
tures and increase in intensity as the annealing time averages the properties of the sample iri-918temperature
increases. The Fig. 2(b) and (c) show this behaviour at interval. The evaluation of the model equations frsfeps
two annealing temperatures;15 and —23°C which are simulates this fact. Anyway all the experimental scans were
5.5 and 13.8 below the glass transition temperature deter- measured at the same heating rate and thus it is expected
mined from thec,(T) curve measured after cooling at°dd that the thermal gradients be the same in all of them, as
min which will be called hereafter thg; of this sample. the fitting routine reproduces simultaneously all the

4.1. Modelling of the DSC results
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Table 1
Set of model parameters found by the search routine for LCP1 with different values of parBmeter

B(J/g) 0 B T, (°C) Ty — Ty(deg) In @/s)

500 0.07x 0.02 0.35+ 0.01 —435+ 0.2 34 —38.7+ 0.3
1000 0.06x 0.02 0.38+ 0.01 —57.4* 0.2 48 —51.6*+ 0.3
1500 0.06* 0.02 0.41+ 0.01 —-67.8+ 0.2 58 —60.2*+ 0.3

experimental scans, the effect of thermal gradients should beT, — T, is lower than expected from viscoelastic data while
a small error in the values of the model parameters deter-keeps around 50or B = 1000 J/g.

mined. In Ref. [62] the thermal gradients were introduced in  In Fig. 5 we represent the equilibrium relaxation times
the NM model equations and no significant difference in the calculated from

main features of the model fit was found. The expression

accepted for the configurational heat capacity was taken aseq) — Aexp( B ) (14
the average of those found for the complete set of experi- TS

mental resultsAc,(T) = 1.011-0.0028 J/(gK). The model
parameters were determined by the Nedler and Mead [63]
least squares routine, looking for a minimum in the total
fitting error in the sixcy(T) curves.

Owing to the correlation existing betwe&nT, and InA,
reported in different polymers, the value®fvas fixed and
the set of four parametefs B8, T, and InA were determined
with the least squares routine. The procedure was repeate
with different values oB. The Table 1 include the results
obtained withB ranging between 500 and 1500 J/g. The
three sets of parameters yietT) curves nearly super-
posed as, as we will discuss later, they yield relaxation
times practically identical in the range between i@o
10%s, which is significant for the experiments. The model

simulated curves foB = 1000 J/g are shown in Fig. 4 The relaxation fi h i Fig. 5 tlow t
together with the experimental ones. The agreement in the € relaxation imes shown In F1g. > are, atlow tempera-
ures, very far from the relaxation times in the out of equili-

main features is good, nevertheless some details are not. at f th terial during th . tal
reproduced such as the small peak in th@) measured rium states of the material durng the expenmental scan.
The model is able to calculate the values of the relaxation

after cooling at the highest cooling rate. This fact cannot .~ . . . : :

be attributed to the characteristics of this particular thermal time in the heating ramp irfsteps. Th|§ function caIcnglted

history but to the fitting procedure in which the error func- for the DSC scan that follows the cooling down af@ﬂnl_n .

tion to minimise is a sum of the error in the different curves 'S represented in Fig. 6. Atlow temperature, at the beginning
of the heating ramp the material behaves as a glass, this

in which those with higher values @, i.e., those showing , .
the highest peaks have stronger influence. Anyway the over.means that only the instantaneous or zero time response to
the temperature changes is measurable because the relaxa-

all fit can be considered acceptable and the model para—t. " h higher than th . tal i |
meters found a good description of the behaviour of this lon imes are much higher than the experimental imes. in
the model equations this means that the configurational

LCP with respect to the glass transition and structural : b ¢ t ind dent in this t
relaxation phenomenon, entropy becomes temperature independent in this tem-
perature interval, and thus the relaxation time in the glassy

The complete fitting procedure was conducted with tate d d the t i dina AN .
different sets of experimental results in order to check the Z;luztioenpen S onihe temperature according to an Ahrrenius

consistency of the method. This allows to estimate the
uncertainty in the different model parameters shown in B
Table 1. # =M =Aex 7g ) 15

It is not crucial for our methodology to decide which is
the best set of parameters between those shown in Table 1whereS? depends on the thermal history in the formation of
i.e. to decide which is the correct valueBfThis point has  glass but not on the instantaneous temperature. The slope of
been extensively discussed in the case of poly(vinyl acetate)the relaxation times in the glass in an Ahrrenius plot can be
in terms of the length of cooperativity at the glass transition expressed in form analogous to that of Eq. (6)
temperature [59]. FoB = 500 J/g the value of the preexpo-
nential factorA = 1.5 10 *’s is the most realistic, and it ~ dIn7 _ xAh*
grows quickly asB increases. On the contrary the difference duUT R °

for B =500 andB = 1000 J/g showing that in practice both
sets of parameters reproduce the same material function: the
temperature dependence of the relaxation times in equili-
brium, which is uniquely determined from the DSC experi-
ments. Probably higher values Bfare not realistic in this
polymer. The slope of the In*vs. 11T at T, can be calcu-
dated from Eq. (14) once the model parameters are known. A
value ranging between 73.1 and 81.5 kK is found for the
temperature interval between 260.3 and 263.5 K (the glass
transition temperatures measured after cooling°ét and
40°C/min, respectively) with the set of parameters corre-
sponding toB = 1000 J/g not far from the value dfh*/R
calculated from the dependence of the glass transition
temperature on the cooling rate.

(16)
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Fig. 4. Temperature dependence of the heat capacity of LCP1 measured after different thermal treatments (open circles): (a) C@sfimg,gb}Cooling

at °C/min, (c)T,= —15°C,t,= 1176 min, (d)T,= —15°C, t,= 60 min, (e)T,= —23°C, t;= 860 min, (f)T,= —23,t,= 76 min. The full line represents the
model calculated curves with = 1000 J/g and the rest of parameters as given in Table 1.
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Fig. 5. Temperature dependence of the equilibrium relaxation tini3,),
calculated withB = 500 J/g ©) andB = 1000 J/g W) (the rest of para-
meters according to Table 1).
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Fig. 6. Relaxation time of the structural relaxation process calculated by the
model for a heating scan at I'min after cooling the sample at40min

from the equilibrium liquid state. The straight lines represent the tempera-
ture dependence in the glassy state and in the liquid state around the glas:
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Fig. 7. Slope of the log vs. 1/T plot, obtained form DSGCY), DRS (full
line) and thermal sampling experimentk)( See text.

with
XAh* B
R - 17

The relaxation times obtained from the modelled reference
scan we can obtaiAh*/R = 15.1 kK as the apparent acti-
vation energy in the glassy state which yields 0.21. For
different thermal treatments one obtain different valuef2of
and, thus, different values &f This means that in the frame-
work of this modelx is not a material parameter. In other
words the temperature dependence of the relaxation times in
the glassy state depends on the thermal history in the forma-
tion of glass.

This can be further clarified by representing an apparent
activation energy, defined by

dlnT_El
duT R

against the reciprocal of temperature (Fig. 7). The open
symbols represent the values B&/R calculated from the
model simulated curve of relaxation times represented in
Fig. 6 for the heating scan which follows a cooling from
equilibrium at 40C/min. At high temperatures, in the liquid
stateEaincreases as the temperature decreases according to
a VFTH-like equation. At a temperature above but close to
the glass transition temperature the relaxation times start
deviating from the equilibrium line and thus the value of
the slopeEa/Rdecreases, approaching at low temperatures
the value corresponding to the glassy state. The maximum in
the representation of Fig. 7 appears, thus, at the temperature
at which the relaxation times separates from their equili-

(18

transition temperature, both assuming Ahrrenius behaviour. The squaresPrium values.

represent the dielectric relaxation times.

The set of results obtained from this model should be very
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Fig. 8. Master curve for the imaginary part of the complex dielectric
permittivity obtained from five isothermsd) — 10°C, (@) — 5°C, (V),
0°C, (@) 5°C, (@) 10°C, (¥) 15°C. The full line represent the KWW equa-
tion with 8 = 0.35.
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B as material parameters. It is important to note that it is not
equivalent to assume that the parameters depend on the
thermal history to accept that they can take different values
for the modelling of the different experimeng(T) curves.

In particular, the parameta&was considered as a constant in
the deduction of the whole set of model equations in the case
of the NM model, and to change this assumption would
modify them.

In the fitting procedure the fictive temperature was calcu-
lated from thec,(T) curves using the Eq. (4). The value of
Ah*/R = 85 kK obtained from the results shown in Fig. 3
was fixed in the fitting routine which yield to the set of
parameterg = 0.19,8 = 0.35, InA= —316. It is important
the close agreement in the value of the parametarsd 8
with those found with the SC model. The set of model
simulated curves are represented in Fig. 4. The agreement
is clearly poorer than in the SC model as the peak in the
thermogram measured after cooling & Anin is not shown
in the model calculated curve. Of course this individual
experimental result can be reproduced with the model but
the values of the parameters needed to do that are quite
different than those found in the simultaneous least squares
routine:x = 0.27,8 = 0.50, InA = —316.7.

close to those obtained using SH model as the value of the

parameters found by the fitting routine is small. Never-
theless it is interesting to compare them with the results
obtained using the NM model. The procedure followed

was analogous to the one described earlier. The set of six

experimental thermograms was fitted simultaneously to the
NM model considering the model parametals, x, A and
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Fig. 9. Comparison between global TSDC peak measured in the tempera-
ture range of thex relaxation of LCP1 and the,(T) curve measured in a
heating scan after a cooling at°@min. The TSDC experimental condi-
tions werel, = 30°C, t, = 10 minTy= —50°C, Polarizing fielde = 900 V/

mm, Heating rate 4C/min.

4.2. Dielectric relaxation times

The dielectric results measured in the frequency domain
in the region of thex relaxation were reported in the Ref.
[33]. This relaxation process appears in the temperature
interval immediately above the glass transition determined
by DSC as occurs in the main dielectric relaxation process
of the amorphous materials. From these data it is possible to
built a master curve (Fig. 8) of the imaginary part of the
dielectric permittivitye” as a function of the logarithm of
frequency. To do this only the isotherms showing a maxi-
mum of €” were considered. These isotherms superpose
very well in the low frequency side of the relaxation but
not so well in the high frequency side probably because of
the overlapping of the secondary relaxation that appears at
temperatures just below the glass transition [33]. On the Fig.
8 the line corresponding to the KWW equation, i.e., Eq. (1)
with

o) = eXP<—(Tt—D)BD),

with Bp = 0.35 is shown. The agreement between this value
and its counterpart in the calorimetric structural relaxation is
excellent as has been found in several amorphous polymers
[54,56,57]. The dielectric relaxation time can be calculated
from the position of the maximum ef’ at each temperature

in the frequency axi$ . as log(2rfyaro(T)) = —0.20 for

this value of the KWW exponent [64]. The values of the
dielectric relaxation time as a function of temperature were
represented in Fig. 6. The temperature dependence of the
dielectric relaxation times show the characteristic curvature
of the of the main dielectric relaxation in amorphous

19
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polymers, with values lower than the calorimetric ones. lower temperatures in the glassy state). From the experi-
These DRS data were fitted to the VFTH equation log mental data taken from Refs. [33,65] the apparent activation
7p = 11.6 — 348.2/(T-233.7) and from this equation the energy was calculated and it is represented as a function of
slope Ea/R defined again from Eq. (18) was calculated the temperature of the maximum of the depolarization peak
and it is represented by the full line in Fig. 7. The value in Fig. 7 together with its counterparts in DRS and DSC
of Ty = 233.7 Kin VFTH equation obtained from dielectric experiments. Taking into account the differences between
results agrees with the value @ = 229.5 obtained by the definition and calculation procedurekdi in each tech-
modelling of the DSC results witB = 500 J/g. nique, the parallelism between dielectric and calorimetric
Dielectric relaxation spectroscopy gives information on behaviour is quite apparent.
the conformational mobility at temperatures above the glass
transition, i.e., in structural equilibrium. To compare the 43 A picture of the vitrification of the side-chain liquid—
dielectric response of the main-chain segments with the crystal polymer
calorimetric one at temperatures beldy, in the glassy
state, the thermally stimulated depolarization current, The aforementioned DSC and DRS data show a close
TSDC, dielectric technique is specially suitable because of relationship between the dielectric relaxation process
its low equivalent frequency and high resolution power. In and the calorimetric glass transition. Not only both
TSDC experiments the polymer sample is polarized by processes take place in the same temperature interval but
application of a constant electric field at a temperaffye  also the temperature dependence of the relaxation times and
high enough to ensure that the permanent dipoles of thethe width of the distribution of relaxation times are quite
polymer chains (in the case of therelaxation those situ-  similar. This could be surprising at first sight taking into
ated along the main-chain) are oriented in the direction of account that ther dielectric relaxation is detected through
the applied field. The sample is then cooled down to a the motion of the permanent dipoles contained in the meso-
temperatureT,, low enough, at which the molecular mobi- gens, thus in the side chains, while the calorimetric glass
lity of the groups in which the dipoles reside is frozen. The transition is usually related to the conformational rearrange-
sample is then short-circuited. No reorientation of the ments of the main-chain segments. Nevertheless a quite
dipoles takes place because of the lack of molecular mobi- consistent picture of what is happening in this relaxation
lity. The sample is then subjected to a heating ramp at process can be achieved taking into account the co-opera-
constant rate and intensity of the depolarizarion current, tive nature of the glass transition phenomenon through the
i(T), because of the release of the frozen-in polarization is coupling between the motions of the main-chain segments
recorded. All the experimental details are in Ref. [31]. The and the mesogens in the glass transition.
result of such as global depolarization process in LCP1 In terms of the Adam-Gibbs theory a co-operative rear-
[33,65] is shown in Fig. 9. For values df, and T, well ranging region CRR is defined as a region of the material
above and below respectively, the peak ii(T), with a which contains a number of molecules or polymer segments
maximum close to the calorimetric glass transition tempera- that can undergo a conformational transition without
ture, proves that the reorientation of the main-chain dipoles, disturbing the rest of the material, i.e. with no motion of
and thus, the main-chain mobility starts at temperatures the molecules or polymer segments outside the CRR.
below T, in the glassy state. In the case of an amorphous polymer such as poly(vinyl
A detailed study of the conformational mobility in a parti- acetate) it has been shown [59] that a co-operative confor-
cular temperature interval can be achieved by means of themational rearrangement involves around five simultaneous
thermal sampling experiments. In these experiments theor sequential motions in main-chain segments. In other
sample is polarized at a temperatdfigfor a timet, and words, when a conformational motion in a main chain
the polarizing field is kept while the sample is cooled to a segment takes place four other main chain segments are
temperaturely, being the intervall, — Ty, or polarizing forced to move. The conformational rearrangement takes
window, typically 2-5°. The sample is short-circuited at place in a volume of around 15 AmThe case of a side-
Ty and the cooling process continuesTio The depolariza-  chain liquid crystal polymer is quite different. If the polymer
tion curvei(T) measured in the heating scan is representa- chains are randomly distributed including random positions
tive of the relaxation process of the molecular groups that of the mesogens, a CRR contains a number of mesogens,
are mobile in the temperature interval of the polarizing main-chain atoms and spacer atoms. In order to have an
window. From thei(T) curve it is possible to calculate the intuitive image of such a CRR one can just take the O, Si
apparent activation energy of this “elemental” relaxation or C atoms as volume units. Thus, a 11% of the volume of
process (see [33] and the references cited therein). In thethe CRR would be occupied by O or Si atoms of the main
case of thea relaxation process, the results of thermal chain or methyl groups directly bonded to Si, while a 54%
sampling experiments with values of the polarizing would be occupied by mesogens and a 30% by atoms
temperature immediately below, are representative of pertaining to the spacer or the end of the side-chain to
the conformational mobility of the LCP1 main-chains in leave a 5% of free volume.
the glassy state (secondary relaxation processes appears at In this situation, the closest neighbour to a main-chain
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segment is probably not another main-chain segment but awith the one determined for the dielectric relaxation process
mesogen or atom pertaining to the spacer. The couplingthat appears in the temperature interval immediately above
between the motions of main-chains and mesogens has tahe calorimetric glass transition. It is possible to determine
be understood in the sense that a co-operative conforma-the temperature dependence of the relaxation times both in
tional rearrangement inside a CRR involves the motion of equilibrium (which can be compared with the relaxation
mesogens together to the main-chain and spacer atoms. times of the main dielectric or dynamic-mechanical relaxa-

From the point of view of the dielectric relaxation the tion processes) and in the glassy state. The ratio of the
explanation would be similar. At low temperatures only apparent activation enthalpy in the liquid to that of the
local motions of the mesogens are possible. These localglassy statex can also be determined in a very consistent
motions produce the secondagy relaxations [11,14,15].  way, following different methods from the experimental
The « relaxation appears when, under the electric field results. The value of the apparent activation energy in equi-
applied, the orientation of the mesogen can push apart thelibrium, aroundT,: Ah*/R = 85 kK was determined experi-
main-chain segments and other mesogens situated in itamentally from the dependence of the glass transition
neighbourhoud in a co-operative motion. temperature with the cooling rate and also from the model-

Both techniques DRS and DSC probe the same molecularling of the experimental thermograms obtained after differ-
phenomenon in the glass transition region, involving the ent thermal histories with very good agreement. The
coupled motions of main-chain and side-chains. This parallelism between the temperature dependence of the
phenomenon is also probed by dynamic-mechanical relaxa-dielectric and calorimetric relaxation times in equilibrium
tion spectroscopy according to the results reported in Ref. and in the glassy state was shown. Thus, it can be concluded
[66]. that the modelling of the structural relaxation process is a

This interpretation is not contradictory with the fact that a useful tool to determine the characteristic of the conforma-
6 relaxation occurs at higher temperatures. The permanenttional rearrangements in amorphous materials. In the liquid
dipole residing in the mesogen could be not fully reoriented crystalline polymer which is the subject of this work DSC
in a time compatible with the frequency of the dielectric and DRS probes the same molecular phenomenon: the co-
field applied through the co-operative motions that can operative conformational rearrangements involving coupled
take place in the glass transition, and another relaxation motions of the main-chain segments and the mesogenic
would take place when the free volume is higher. side-chain groups.

By contrast, a glass transition with no participation of the
mesogenic groups needs the existence of large enoug
regions, in the order of magnitude of the correlation length,
in which the nearest neighbour of a main-chain segment is
another main-chain segment or atoms pertaining to the
spacer. This kind of microheterogeneity is not possible
even in the case of the liquid—crystal smectic order because
the spacer is not long enough to allow the polymer main References
chains to pack together apart from the mesogens.
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