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Abstract 

The dipolar relaxation mechanisms present in a side-chain liquid crystalline polyacrylate were 
studied in a wide temperature range covering the glassy state, the glass transition region and the 
liquid crystalline phase. The complex relaxation processes observed in these different tempera- 
ture regions were analysed in detail using the technique of thermal cleaning. The significance of 
the so-called compensation behaviour, which is frequently considered as a feature of the glass 
transition relaxation in polymeric materials, is discussed. 
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I. Introduction 

Thermally stimulated processes include a diversity of phenomena in which a given 
property of a substance is measured by heating the sample in a controllable manner. 
Thermoluminescence, thermally stimulated depolarisation, differential thermal analy- 
sis, differential scanning calorimetry and thermogravimetry are techniques which are 
based on thermally stimulated processes and are widely used as methods of research 
and analysis in various fields in science and technology [1 ]. 

The technique of thermally stimulated depolarisation currents (TSDC) belongs to 
this family of experimental techniques and has been used to study a variety of materials, 
crystalline as well as amorphous  insulators and semiconductors. The TSDC analysis of 
polymer solids is now recognised as a very rich source of information about  dielectric 
properties, dipolar relaxation mechanisms and the internal structure of these materials 
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[2, 3]. As explained in detail elsewhere [4], a TSDC experiment measures the thermally 
stimulated release of the polarisation frozen in during a previous application of an 
electric field. One advantage of the TSDC technique is its low equivalent frequency [2]. 
In fact, it is possible to reach lower frequencies while working at low temperature, 
enabling better resolution of the different relaxation mechanisms. Besides, using the 
thermal cleaning (TC) technique (also called thermal sampling, thermal windowing or 
fractional polarisation) it is possible to decompose a complex relaxation mechanism 
into its individual or elementary components enabling analysis of the fine structure of 
the TSDC. spectrum. The analysis of each TC peak enables us to obtain some 
characteristic parameters, namely, the temperature of maximum intensity, T m (location 
of the thermally cleaned peak in the TSDC spectrum), and the thermodynamic 
parameters associated with the corresponding relaxation process (enthalpy, AH ~, 
entropy, AS s and Gibbs energy, A G~). The TSDC technique was recently used in our 
laboratory to analyse molecular motion in side-chain liquid crystalline polymers 
(LCPs) [5-14]. These studies were carried out in wide temperature range covering the 
vitreous state, the glass transition region and the liquid crystalline phase and it was 
observed that the materials exhibit a complex pattern of relaxation mechanisms. 

The purpose of the present study is to report the results obtained from the TSDC 
analysis of a side-chain liquid crystalline polymer not previously studied and our aim is 
to gain more insight into the dielectric relaxation mechanisms present in this type of 
material. 

2. Experimental 

The side-chain LCP studied in this work is from Merck (catalogue number LCP 105) 
and shows a glass-nematic transition at 38°C and a nematic-isotropic liquid transition 
at 127°C; it also has M. = 6470, M w = 11680 and n = 18 (see structure below). 

002 =(CH2)5--COO ~ C N  
Thermally stimulated depolarisation currents (TSDC) experiments were carried out 
with a TSC/RMA spectrometer (Solomat Instruments, Stamford, CT, USA) covering 
the range - 170 to + 400°C. Two kinds of experiment were performed in order to 
analyse the relaxation spectra of the material, namely TSDC global and thermal 
cleaning (TC) experiments [4]. In both types of experiment the sample was polarised in 
a given temperature range (with the field applied between Tp and T'p < Tp), the 
polarisation was frozen in by cooling down to T O and the depolarisation current was 
measured, as a function of temperature, as the polarised sample was heated up to Tf at 
a constant rate. The difference between these experiments is that in a TSDC global 
experiment T'p = T O whereas in a thermal cleaning experiment Tp- T'p ~ 3°C and 
T o << Tp and T'p. The technique of thermal cleaning thus enables one to polarise specific 
segments of a complex global relaxation. 
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3. Resu l t s  and d i scuss ion  

In the discussion of the results we will consider three temperature regions: the sub- Tg 
or glassy region, the glass transition region and the region above Tg, which corresponds 
to the liquid crystalline phase. 

The different discharges observed in these three regions were analysed using the 
thermal cleaning (TC) technique in order to obtain information about the elementary 
components of the complex relaxations observed in the TSDC spectrum. In fact, each 
TC peak can be considered, to a first approximation, as corresponding to a Debye 
process, characterised by a single value of the activation parameters [ 15]. The analysis 
of each TC peak is usually performed using the Bucci method [16] which enables the 
calculation of the relaxation time, z, as a function of the temperature: 

r 1 J (T ' )dT '  
z(T) - P ( T ) _  (1) 

J(T)  J(T) 

where r is the heating rate, P the remaining polarisation and J the current density. 
Fitting the log T vs l IT  points to an Arrhenius- or Eyring-type equation enables the 
determination of the activation parameters of the process corresponding to the TC 
peak. 

3.1. The glassy region 

A low intensity and broad relaxation mechanism was detected in this temperature 
region of the TSDC. spectrum (see Fig. 1). 

The peak associated with this relaxation mechanism extends from - 50°C down to 
- 160°C (the lower temperature limit of temperature range accessible to our experi- 
mental apparatus). It should be noted that the peak with the maximum intensity at ca. 
10°C observed on the right hand side of Fig. 1 corresponds, as will be seen later, to the 
lower temperature components of the glass transition relaxation. 

The TC peaks obtained in the temperature range between - 160°C and 50°C are 
shown in Fig. 2. 

From the analysis of these peaks it can be concluded that the peaks corresponding to 
experiments with polarisation temperatures between Tp = - 140°C and Tp = - 60°C 
(left hand side of Fig. 2) show small activation enthalpies increasing slowly from ca. 
9 kcal mol-  1 (38 kJ mol-  1, for T p  = - -  140°C) to ca. 12 kcal mol-  1 (50 kJ mol--1, for 
Tp = - 60°C) (see Table 1) and very small activation entropies of the order of - 5 cal 
K-1 mol-1 ( - 2 1  J K-1 mol 1). The low-temperature relaxation of this polymer is 
thus characterised by a narrow distribution of activation energies as has also been 
found for other side-chain LCPs [9, 12]. 

For the TC peaks with Tp > - 50°C (right hand side of Fig. 2) the intensity increases 
with temperature and the same is observed for the activation enthalpy and entropy 
(Table 1). This observation indicates, as will be shown later, that we are approaching 
the glass transition relaxation. Discussion about the relaxation mechanisms at cryos- 
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Fig. 1. TSDC global experiment in the lower temperature region. The experimental conditions were: 
polarisation temperature Tp = 0°C; To = - 160°C; Te = 40°C; heating rate, r = 8°C min 1, electric field 
strength E = 400 V min - 1. The peak observed in the right hand side of the figure corresponds to the low 
temperature side of the glass transition peak shown in Fig. 3. 

tatic temperatures is very scarce. Previous TSDC studies [17] revealed that motion in 
polymeric materials can occur even at very low temperatures (for polarisation tempera- 
tures below 50 K). Since the backbone is completely frozen at those temperatures, it is 
reasonable to believe that the observed motions occur in the side-groups. On the other 
hand, for temperatures below Tg, the free volume remains essentially constant but the 
occupied volume will increase with temperature as a consequence of the amplitude of 
the thermal vibrations. The low temperature relaxations must thus arise from local and 
low-amplitude motions which occur within the available free volume [18, 19]. This is 
the reason why those relaxations are characterised by low-intensity discharges, by 
small activation enthalpies and by negligible activation entropies (or non-cooperative 
character [18]). 

It should be noted that the features of the low temperature relaxation observed in 
this polymer are very similar to those of the same relaxation observed in a side-chain 
liquid crystalline polymethacrylate we have previously studied [9]. The polymer 
studied in the present work and that studied in Ref. [9] have the same mesogenic 
moiety but have different spacers (five methylene groups for the polymer studied here 
(see structure); ten methylene groups for the polymer studied in Ref. [9]). It seems thus 
that the spacer length has little influence in the general features of the lower tempera- 
ture relaxation. 
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Fig. 2. Thermally cleaned peaks obtained in the lower temperature  region (with Tp between - 145 and OC). 
The window width of the experiments,  A T = T o - T~, was Y'C, the electric field strength E = 400 V m m  
and the heating rate, r = 4':C rain ~. 

3.2. The glass transition region 

The glass transition global peak shows a maximum intensity at ca. 40°C (see Fig. 3. 
peak 1). 

It is to be noted that the glass transition temperature obtained by differential 
scanning calorimetry is Tg ,~ 38°C, which is very similar to the temperature of maxi- 
mum intensity as observed by TSDC. 

The TC peaks obtained by partial polarisation of the glass transition peak are shown 
in Fig. 4. 

It is observed that the activation enthalpy and the activation entropy of these 
elementary processes increase with increasing polarisation temperature, Tp, and that 
this increase is such that there is a linear relationship between AH ~ and AS ~ (see 
Table 1). This behaviour is the so-called compensation behaviour which is believed to 
be a feature of the glass transition of polymeric materials as studied by the TSDC 
technique. The Arrhenius lines converge thus to a single point, the compensation point, 
whose coordinates enable one to define two phenomenological compensation par- 
ameters: the compensation time, r e, and the compensation temperature, T~. In the 
present case we obtain % = 5.2 s and T c = 48.8°C (see Fig. 5). 
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T a b l e  1 

T e m p e r a t u r e  of  m a x i m u m  intensi ty ,  Tin, a c t i va t i on  e n t h a l p y ,  A H  ~, a n d  ac t i va t i on  e n t r o p y ,  A S  s,  for  dif ferent  

t h e r m a l l y  c leaned  p e a k s  o b t a i n e d  a t  dif ferent  p o l a r i s a t i o n  t e m p e r a t u r e s ,  Tp, in the g lassy  s ta te  a n d  in t h e  g l a s s  

t r an s i t i on  r e g i o n .  T h e  e x p e r i m e n t a l  c o n d i t i o n s  f o r  t h e  t h e r m a l  c l e a n i n g  e x p e r i m e n t s  w e r e :  w i n d o w  width ,  

A T = Tp - Tp. = 3°C, electr ic  field s t r e n g t h  E = 400  V m i n  - 1 a n d  h e a t i n g  rate ,  r = 4"C  min  - 1 

Tp/°C Tm/°C A H ~ / ( k c a l  m o l - l )  AS~/(cal .  m o l i  K 1) 

- 145 - 140.2 8.1 - - 4  

--  140 - 134.9 8.9 - 1 

- 135 --  129.8 9.3 --  1 

- -  130  - -  124 9.2 - 4 

- 125  - 120.1 9.5 - - 4  

- - 1 2 0  - -114 .8  9.6 - 6  

--  110 - 105.2 9.8 - - 8  

- -  1 0 0  - 94.1  11.3  - 4  

- - 9 5  - -88 .7  11.7 - - 3  

- -  90 --  84.2 12.0 --  3 

- - 8 5  - -78 .9  12.3 - - 3  

- 80 --  73.6 11.3 --  10 

- -  70 --  63.8 12.7 - 7 

- 6 0  - 5 3 . 3  12.1 - 13 

- 5 0  - 4 2 . 9  13.3 - 10 

- 4 0  - 3 2 . 3  14.2 - 9  

- 3 0  - 2 1 . 2  16.0 - 4  

- 2 0  - 1 2 . 2  17.2 - 2  

- 1 0  - 1 . 8  19.5 4 

0 8.6 21.9 9 

5 13.1 22.1 9 

7 15.8 22.5 10 

10 19.7 25.3 18 

12 23.4 25.4 18 

15 27.1 27.7 25 

17 27.6 25.4 17 

20  31.4 32.1 38 

22 33.9 35.1 47 

25 36.4 39.0 59 

27 37.8 42.1 69 

30 39.6 49.4 91 

32 40.7 56.0 112 

35 42.6 68.8 152 

37 43.2 71.8 161 

40 43.9 84.9 202 

45 46.4 102.2 254 

In Fig. 5 it can be observed that the Arrhenius lines in the right hand side of the figure 
(which correspond to TC peaks with higher polarisation temperatures) show a curva- 
ture which indicates that the corresponding TC peaks are not strictly Debye-like. 

The physical significance of the compensation behaviour is the subject of some 
controversy. In fact, in many cases, the narrow experimental temperature range and the 
propagation of experimental errors can lead to a linear A H ~ / A S  ~ relationship [20]. 
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Fig. 3. TSDC global experiment in the glass transition region and in the liquid crystalline phase. The 
experimental conditions were: polarisation temperature Tp = 70°C; T o = - 50°C; Tf = 110°C; heating rate, 
r = 4°C min-1;  electric field strength E = 400 V mm-1.  The higher intensity peak (peak 1) is the glass 
transition peak. The lower intensity and higher temperature peak (peak 2) corresponds to a relaxation 
observed in the liquid crystalline phase. 

Nevertheless, simple statistical calculations were used [12,21-] which show that the 
compensation phenomena observed in the glass transition relaxation of polymeric 
materials is not an artefact but is caused by a true extrathermodynamic effet. The 
compensation behaviour in polymeric materials is often considered as indicative of 
cooperative molecular motions [22, 23] and has been ascribed to the relaxations of 
entities with variable length [24]. On the other hand, its was suggested that the physical 
significance of the compensation temperature, T c is the temperature at which all 
relaxations involved in the process occur with the same relaxation time, zc. Neverthe- 
less, this suggestion was refuted by Read [25] who observed a distribution of relaxation 
times at T¢ from a study of polypropylene by dynamical mechanical relaxation. The 
compensation temperature, T c, obtained from the experimental data is generally some 
degrees above Tg [47, 14, 22] and this is also observed for the present polymer for which 
T~ -- 48.8°C and Tg = 40°C (temperature of maximum intensity of the Tg peak). The lag 
T~ - T~, on the other hand, was attributed to kinetic effects and is believed to depend on 
the stiffness of the polymeric chain [22]. In previous work [26] we observed that there 
is no clear relationship between T¢ - Tg and the chemical structure of the polymers and 
we suggested that this lag was probably related to the breadth of glass transition. 

In order to obtain the coordinates of the compensation point we must carefully 
choose the TC peaks which really belong to the compensation region. Normally this 
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Fig. 4. Thermally cleaned peaks obtained in the glass transition region (with Tp between 12 and 42°C). The 
window width of the experiments, A T = Tp - T~, was 3°C, the electric field strength E = 400 V m m -  1 and the 
heating rate, r = 4°C min-  t. It is to be noted the change of the shape of the TC peaks which is characteristic of 
the glass transition relaxation and is a manifestation of the compensation behaviour. 

choice is performed by looking at the activation parameters of the different TC peaks 
and taking those for which a sharp increase of AH * and AS ¢ with increasing 
temperature is observed. (As pointed out before, the log ~ vs 1/Tpoints can be fitted to 
the Arrhenius equation or to the Eyring equation in order to obtain the thermokinetic 
parameters associated with each TC peak. The concomitant increase of A H ~ and A S ¢ 
with increasing temperature (Eyring language) is thus equivalent to a concomitant 
increase of E a and the pre-exponential factor, log to, with increasing temperature 
(Arrhenius language).) After obtaining the coordinates of the compensation point in 
this way, we can check if the choice of the points in the compensation region was correct 
by using the following procedure. If we take the compensation equation in the 
Arrhenius formalism [22] 

Z o = ~  exp ( - -  k-~ ) (2) 

where z o is the pre-exponential factor in the Arrhenius equation, E, the activation 
energy, zc the compensation time and T~ the compensation temperature, and if we 
introduce it in the condition of maximisation of the TC peak [2]: 

kTam Zo exp ( Ea ) 
re--? = 0 )  
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Fig. 5. Arrhenius lines (log z versus I/T) of some TC peaks obtained in the glass transition region. The 
compensation behaviour is clearly shown. 

where T m is the temperature of maximum intensity of the TC peak, k the Boltzmann 
constant and r the heating rate of the experiment, we obtain a relationship between E~ 
and T m which depends only on the coordinates zc and T c of the compensation point. 
Introducing the values of Tc and Tc in Eqs. (2) and (3) we can thus obtain the function 
Ea(Tm) and to compare it with the experimental results. Fig. 6 shows this comparison. 

It is apparent from that figure that the points with T m > ~ 25°C belong to the 
compensation region. On the other hand, the points in the left side of the figure, with 
T m < 25°C correspond to segments of the glass transition global peak which do not fall 
on the curve Ea(Tm) predicted from Eqs. (2) and (3) (solid line in Fig. 6). Moreover, the 
activation energy of these components is similar to that corresponding to the AS s = 0 
prediction (dashed straight line in Fig. 6). This behaviour was observed in other TSDC 
studies of side-chain LCPs [5, 8] and shows that Eqs. (2) and (3) are not able to 
characterise the glass transition relaxation fully. This can be understood if we remem- 
ber that an important characteristic of the TSDC technique is that there is an universal 
linear relationship between AS ~ and AH~/Tm for all the TC peaks of the TSDC 
spectrum, irrespective of the materials and of the relaxation process under study 
[26-28]. This linear relationship is such that the slope is equal to unity and the 
intercept is 67 cal K -  1tool-  1 [28]. On the other hand, in a particular zone of the glass 
transition region a strong increase of AH ~ with increasing T m is observed, which is 
concomitant with a strong increase of A S ~. This behaviour gives rise to a pseudo-linear 
relationship between AS ~ and AH ~ which arises from the fact that the change of the 
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Fig. 6. Activation energy of the TC components of the glass transition relaxation as a function of T m 
(temperature of maximum intensity or location in the TSDC spectrum). The solid line corresponds to the 
prediction based on the values of the coordinates of the compensation point (r e, T~). The dashed straight line 
corresponds to the AS s = 0 prediction. 

function AHS/Tm is dominated by AH ¢ when this quantity changes strongly. Other- 
wise stated, the two linear relationships (between AS s and AHS/Tm and between AS ~' 
and A H  ~') are compatible only in the situation where A H  ¢ strongly changes with T m. 
When the linear relationship between A H  ¢ and AS s holds, the solid line in Fig. 6 is 
obeyed. Our  point of view is thus that the linear relationship between AS s and AH ~ 
(the so-called compensation behaviour) cannot be considered as a fundamental or basic 
feature of the glass transition relaxation but that it is just a mathematical  consequence 
of the fundamental relationship between AS ~ and AH~/Tm in the situation where AH ~ 
is a strongly increasing function of T m. 

3.3. The liquid crystalline region 

The low intensity relaxation in the liquid crystalline phase shown in Fig. 3 was 
analysed by the TC technique (Fig. 7). The Arrhenius lines (log z vs l/T) corresponding 
to the different TC peaks showed a slight W L F  curvature which was also observed in 
the upper T~ relaxations of other side-chain LCPs [5, 8, 9] and have mean values of the 
activation enthalpy and entropy which are respectively 75 kcal m o l -  1 (314 kJ m o l -  1) 
and 160 cal K -  1 m o l -  1 (670 J K -  1 m o l -  1). 

We want to point out that we observed relaxations in the liquid crystalline phase in 
all our  previous TSDC studies of side-chain LCPs and those relaxations were not 
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Fig. 7. Thermally cleaned components of the relaxation observed in the liquid crystalline phase. The 
polarisation temperatures were 1, 47°C; 2, 50°C; 3, 52°C; 4, 55°C; 5, 57°C. The window width of the 
experiments, A T = Tp - T~, was 3°C, the electric field strength E = 400 V m m -  1 and the heating rate, r = 4°C 
rain - 1. The bimodal character of peak 1 arises from the fact that the polarisation temperature (47°C) is near 
the glass transition region so that the peak shows a contribution, in the lower temperature side, of the glass 
transition relaxation. 

observed in the DSC scan we performed on some of them [5, 7]. On the other hand, 
there are some indications that the features of relaxations observed by TSDC in the 
liquid crystalline phase can be attributed to particular characteristics of the chemical 
structure of the mesogenic side groups. At the present stage we are not able to go into 
this subject more deeply. The molecular origin of the relaxations observed above Tg in 
the TSDC spectrum of side chain LCP s is thus a problem under discussion [9, 13]; this 
problem will be considered in detail in a future paper. 

4. Conclusions 

The dipolar relaxation mechanisms present in a side-chain polyacrylate liquid 
crystal were studied by thermally stimulated discharge currents. The study was carried 
out in a wide temperature range covering the glassy state, the glass transition region 
and the liquid crystalline phase and it was shown that different relaxation processes are 
observed in each of these temperature regions. These complex relaxations were studied 
in detail using the technique of thermal cleaning and it was shown that the molecular 
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mot ions  in the glassy state are non-coopera t ive  (AS s ~ 0) and  are characterised by low 
values of the act ivat ion energy. O n  the other hand,  a s t rong increase of the act ivat ion 

entha lpy  with increasing tempera ture  was observed in the glass t ransi t ion region (as is 
usual  in polymeric materials). Nevertheless, it was suggested that the so-called compen-  
sat ion behaviour,  which is described as a concomi tan t  increase, with increasing 
temperature,  of AS ~ and  A H  ~ (linear relat ionship between AS s and  A H  ~ in the glass 
t ransi t ion region) is no t  a statistical artefact but  it canno t  be considered as a real feature 

of the glass t rans i t ion  relaxation, 

Acknowledgements 

This work was carried out  in the context  of the Divisao de Quimica  e Fisica de 
Materiais  of the I C E M S  (Inst i tuto de Ci~ncia e Engenhar ia  de Materiais  e Superficies 

- P rog rama  Ci~ncia). JFM.  acknowledges J N I C T  for his research grant.  The authors  
are indebted to Merck (UK) for the kind gift of the LC P  sample. 

References 

[1] R. Chen, Y. K rish, Analysis of Thermally Stimulated Processes, Pergamon Press, Oxford, 1981. 
[2] J. van Turnhout, Thermally Stimulated Discharges of Polymer Electrets, Elsevier, Amsterdam, 1975. 
[3] S.H.Carr, ThermallyStimulatedDischargeCurrentAnalysisofPolymers, in(Ed.)E.A. Seanor, Electric 

Properties of Polymers, Academic Press, New York, 1982. 
[4] A.B. Dias, N.T. Correia, J.J. Moura Ramos and A.C. Fernandes, Polym. Int., 33 (1994) 293. 
[5] J.F. Mano, J.J. Moura Ramos, A.C. Fernandes and G. Williams, Polymer, 35 (1994) 5170. 
[6] J.F. Mano, N.T. Correia and J.J. Moura Ramos, Polymer, 33 (1994) 3561. 
[7] J.F. Mano, N.T. Correia, J.J. Moura Ramos and A.C. Fernandes, J. Polym. Sci., Polym. Phys. Ed., 33 

(1995) 269. 
[8] J.F. Mano and J.J. Moura Ramos, J. Therm. Ana., 44 (1995) 1037. 
[9] J.F. Mano, N.T. Correia, J.J. Moura Ramos and D. Coates, Macromol. Chem. Phys., 196 (1995) 2289. 

[10] J.F. Mano, N.T. Correia and J.J. Moura Ramos, Mol. Cryst. Liq. Cryst., 261 (1995) 567. 
[11] J.F. Mano and J.J. Moura Ramos, Proc. 1995 IEEE 5th Int. Conf. Conduction and Breakdown in Solid 

Dielectrics, Leicester, UK, July 1995. 
1-12] J.F. Mano, N.T. Correia, J.J. Moura Ramos, S. Andrew and G. Williams, Liq. Cryst., 20 (1996) 201. 
[13] J.F. Mano, J.J. Moura Ramos and D. Lacey, Polymer, in press. 
[14] J.J. Moura Ramos, J.F. Mano and D. Coates, Mol. Cryst. Liq. Cryst., in press. 
[15] G. Teyss6dre and C. Lacabanne, J. Phys. D: Appl. Phys., 28, (1995) 1478. 
[16] C. Bucci, R. Fieschi and G. Guidi, Phys. Rev., 148 (1966) 816. 
[17] D. Ronarc'h and O. Testard, J. Phys. E: Sci. Instrum., 15 (1982) 636. 
1-18] H.W. Starkweather, Macromolecules, 14 (1981) 1277. 
[19] B.B. Sauer, P. Avakian and H.W. Starkweather and B.S. Hsiao, Macromolecules, 23 (1990) 5119. 
1-20] R.R. Krug, W.G. Hunter and R.A. Grieger, J. Phys. Chem., 80 (1976) 2335. 
[21] M. Zielinski, T. Swiderski and M. Kryszewski, Polymer, 19 (1978) 883. 
[22] A. Dufresne, C. Lavergne and C. Lacabanne, Solid State Comm., 88 (1993) 753. 
[23] C. Lacabanne, A. Lamure, G. Teyssedre, A. Bernes and M. Mourgues, J. Non-Cryst. Solids, 172 174 

(1994) 884. 
[24] J.D. Hoffman, G. Williams and E. Passaglia, J. Polym. Sci., Part C, 14 (1966) 173. 
[25] B.E. Read, Polymer, 30 (1989) 1439. 



J.J.M. Ramos, J.F. Mano/Thermochimica Acta 285 (1996) 347-359 359 

[26] B.B. Sauer and P. Avakian, Polymer, 33 (1992) 5128. 
[27] J.J. Moura Ramos, J.F. Mano, D. Lacey, G. Nestor, J. Polym. Sci., Polym. Phys. Ed., accepted for 

publication. 
[-28] J.J. Moura Ramos, J.F. Mano and B.B. Sauer, Polymer, submitted for publication. 


