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Abstract

The dielectric and dynamic mechanical behaviour of amorphous poly(ethylene 2,6 naphthalene dicarboxylate) (PEN) and of thermally

annealed samples is reported as a function of the morphology. During the treatment at temperatures close to the melting temperatures the

samples become semi-crystalline. differential scanning calorimetry (DSC) shows that the glass transition temperatures do not change

signi®cantly with the thermal treatment. However the degree of crystallinity as well as the melting temperatures increase with the annealing

temperature. Both dielectric (DEA) and dynamic mechanical (DMA) analysis display three relaxation processes. In order of decreasing

temperature the a-relaxation due to the glass transition, the bp-process assigned to the out of plane movements of the naphthalene rings or

aggregates of it and the b-relaxation due to local molecular motions of carbonyl groups. The a-relaxation process shifts to higher tempera-

tures for the semi-crystalline samples compared to the amorphous one. On the contrary, at a ®xed frequency the temperature associated to

bp-relaxation is higher for the amorphous sample than for the semi-crystalline ones. The associated apparent activation energies are rather

high and depend on the thermal treatment and also surprisingly on the method of measurement. It is concluded that the bp-relaxation is

probably due to cooperative molecular motions of the naphthalene groups which aggregate in the amorphous state and that these aggregates

are prevented from forming when the degree of crystallinity changes due to the thermal treatment. Finally, the activation energy for the

b-process is nearly independent of the thermal treatment and the value agrees with that found for poly(ethylene terephthalate) (PET). q 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(ethylene 2,6 naphthalene dicarboxylate) (PEN) is a

thermoplastic polyester which combines thermal stability,

degradation resistance, low permeability, with excellent

mechanical and dielectric properties [1]. In general, PEN

has more favourable properties when compared to poly-

(ethylene terephthalate) (PET). Like PET, PEN can be

used in the packaging industry (bottles). But because it

can be also obtained as very thin (1 mm) ®lms, PEN can

be used as a base ®lm support for very thin gauge electro-

magnetic tapes such as audio, video and computer tapes

[2,3] and also in capacitors. In this ®eld, it should be

mentioned that PEN has a dielectric permittivity smaller

and dielectric loss factor lower than that of PET.

In general the properties of PEN depend strongly on the

morphology of the sample. Therefore, to tailor the proper-

ties of PEN to a given application it is very important to

know the structure-property relationships and to control the

morphology. During the last two decades, relatively few

papers about PEN have been published, which deal mainly

with semi-crystalline bi-axially stretched samples. The

general formula of PEN is:

The chain structure of PEN is close to that of PET but

PEN has a naphthalene instead of a phenyl group in the

repeating unit which leads to a stronger rigidity of the

macromolecular chain.
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PEN crystallises in two triclinic forms [4]: the a and

the b form which have been investigated [5] by WAXS.

The b form is characterised by four chains per unit cell

and can only be obtained under very special conditions

which include rapid quenching and annealing proce-

dures. Therefore generally, PEN is crystallised in the

a form which corresponds to one chain per unit cell.

During annealing the crystallinity increases and addi-

tionally during the stretching the crystallites will be

oriented. This includes also, an orientation of the chains

in the amorphous regions of the sample, therefore the

properties become anisotropic and an orientation of the

chains in the machine (MD) and the transverse direction

(TD) has been observed [6,7]. Typical differences in

characteristic values of the mechanical properties for bi-

axially stretched PEN and PET ®lms are reported elsewhere

[8].

The ®rst study on PEN dealing with dielectric properties

was undertaken by Bellomo et al. [9] for semi-crystalline

samples. Three relaxation processes: a-, bp-, and b- were

observed in order of decreasing temperature. The high

temperature relaxation was associated with the glass transi-

tion which is due to the micro-Brownian motions of the

chain segments, originating from a conformational rearran-

gement of the chains in the amorphous regions of the

sample. If amorphous or semi-crystalline PEN samples are

thermally treated at temperatures higher than Tg, the

amplitude of the a-relaxation peak decreases due to

the decrease of the amount of the amorphous phase,

due to an increase in crystallinity which induces further

structural changes [10].

According to Bellomo, the relaxation process called

bp-relaxation is probably associated to out-of-plane motions

of the naphthalene ring [11]. The reported value of the acti-

vation energy estimated from dielectric measurements is

rather high at 118 kJ/mol. This suggests that the underlying

motional process is cooperative in nature. The b-relaxation

is related to local ¯uctuations of the ester groups [12]

because the chain position and the activation energy

of this process is quite similar to the b-relaxation of

PET [13].

More recently CanÄadas et al. have comparatively

studied the amorphous and partially crystalline PEN

samples by TSDC, dielectric analysis (DEA), dynamic

mechanical analysis (DMA) and differential scanning

calorimetry (DSC) [1,14]. They reported an a- and a

bp-process and in particular the in¯uence of the thermal

treatment on the activation energy of the ap-process was

studied. They found activation energies between 29 and

77 kJ/mol depending on the thermal treatment of the

samples. The higher the annealing temperature, the

lower is the activation energy. These values do not

agree with the activation energies given by Bellomo.

Moreover these values seem to be rather low for such

a relaxation process. Ageing investigations on copolymers

of PET and PEN are also published [15], but surprisingly no

bp-process was described even for pure PEN. This indicates

again the complexity of the structure±properties relation-

ships of PEN and the importance of the thermal history of

the sample, including the orientation and therefore the

processing conditions.

To summarise, all the discussed results concerning

mechanical and dielectric relaxation experiments, the

understanding of the structure±properties relationships

does not appear complete. Moreover, a certain amount

of contradictory results exist in recent literature. It is

clear that the morphology of such a material is quite

complicated depending on the treatment. Therefore, it

appears necessary to re-investigate the properties of

PEN, by initially considering a study of the amorphous

state. Secondly, it is important to produce de®ned struc-

tures where these amorphous samples are annealed

under controlled conditions at different annealing

temperatures to obtain different degrees of crystallisa-

tion. Since fully amorphous isotropic samples have been

used to obtain the crystalline ones, orientation effects on

the properties can be excluded in this study. The in¯u-

ence of orientation will be the subject of a subsequent

paper. Dielectric and dynamic mechanical relaxation

spectroscopy is used, considering the molecular mobility

as a probe for structure. These investigations are supple-

mented by thermal analysis. Further work concerning

SAXS and WAXS studies [16] as well as IR investiga-

tions [17] to investigate the structure directly are in

progress.

2. Experimental

PEN samples were obtained from Du Pont de Nemours in

the form of amorphous ®lms with a thickness of 300 mm.

Studies were made on the virgin amorphous material and

three semi-crystalline samples obtained by annealing the

amorphous one at annealing temperatures of 240, 250 and

2608C. It should be mentioned that the annealing tempera-

tures are close to the melting temperature obtained by DSC

(see below) and so they are therefore higher than those

applied by CanÄadas et al. [14]. The thermal treatments

were performed in the oven of the dynamic mechanical

instrument described further on to achieve the same

controlled conditions for each sample. The ®lms were

heated from room to the annealing temperatures at a

rate of 10 K/min. For the corresponding DSC experi-

ments, a similar heating rate was chosen to quantify

the structure obtained by the annealing procedure. The

annealing time was one hour and after that period the

sample was slowly cooled down to room temperature at

a rate of 5 K/min. During the whole thermal treatment

the samples undergo cold crystallisation (heating up to

the annealing temperature) and melt partially depending

on the selected annealing temperature. As a consequence

this leads to a modi®cation of the initial amorphous state
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of the samples which become semi-crystalline with a

spherulitic structure.

DSC measurements were carried out using a 2920 TA

Instrument between 50 and 3008C with a heating rate of

10 K/min. Sample weights were approximately 10 mg.

Temperature calibration was made using indium. All

samples were sealed in aluminium pans and the

measurements were performed under a high purity nitro-

gen atmosphere. The glass transition temperature Tg has

been estimated from the onset temperature. Crystallisa-

tion and melting temperatures were taken from the maxi-

mum positions of the peaks. The corresponding enthalpies

were calculated by the area under the peak using standard

procedures.

The dynamic mechanical properties of PEN samples were

studied with a DMA 2980 TA Instruments analyser apply-

ing tensile stress. The complex elastic modulus Ep � E 0 1
iE 00 (E 0, real part or storage modulus; E 00, loss part;

tan dDMA � E 00=E 0; i� (21)1/2) was measured at frequen-

cies of 1, 3, 5, 7, 10, 12 and 15 Hz. During the measurement

the temperature was increased from 290 to 2308C at a rate

of 1 K/min. The dimensions of the samples were 15 mm in

length and 5 mm in width.

DEA was carried out using a DEA 2970 TA Instruments

spectrometer. Its measures the complex permittivity ep �
e 0 2 ie 00 in the frequency range from 10 to 50 kHz (e 0, real

part; e 00, imaginary or loss part; tan dDEA � e 00=e 0). Sputter

coated ceramic sensors (electrodes) were used and

25 £ 25 mm samples were metallised by evaporation with

aluminium to insure a good electrical contact. A 300 N

compression force between the ceramic electrodes was also

applied. Samples were placed in a glass bell jar under a nitro-

gen gas ¯ow to avoid oxidation during the increase of the

temperature. The dielectric properties were measured in the

temperature range from 100 to 2308C with a heating rate of

2 K/min.

3. Results and discussion

3.1. Thermal behaviour

The DSC trace of the amorphous PEN sample is

displayed in Fig. 1 together with the thermogram of a ther-

mal treated sample annealed at 2408C. For the amorphous

sample the glass transition temperature is obtained at 1128C,

the maximum of cold crystallisation at 1898C and the melt-

ing temperature at 2668C. The degree of crystallinity X has

been calculated using the crystallisation enthalpy of a 100%

crystalline sample DHf, 100%� 103.4 J/g [18]. For the

annealed sample the cold crystallisation process is strongly

depressed. Furthermore, the glass transition is barely visible

in the original scan but the inset of Fig. 1 shows that it can be

easily identi®ed for the annealed samples. For the three

temperature annealed samples, the melting temperature

and degree of crystallinity are plotted in Fig. 2 as a function

of the annealing temperature. As expected, the melting

temperature and the degree of crystallinity increase with

the annealing temperature which can be explained with an

increase of the size of the crystalline entities and/or perfect-

ing of these if annealing temperature increases (see Fig. 2).

On the contrary, the variation of the glass transition

temperature with the annealing temperature is not signi®-

cant (^1 K which is within the range of experimental error).

There is only approximately a 4 K difference in the glass

transition temperature between the amorphous and the

annealed samples.

3.2. Relaxation behaviour

In the Sections 3.2.1 and 3.2.2, the results obtained by

each relaxation method are presented separately, where

within the section each relaxation process is described in

order of increasing temperature.
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Fig. 1. DSC thermograms of PEN samples. Solid line is for amorphous

sample, dashed line for thermal treated sample at 2408C. The inset shows

glass transition for the thermal treated sample.

Fig. 2. Dependence of the glass transition temperature Tg (B), the melting

temperature Tm (X) and the degree of crystallisation XM (O) on the anneal-

ing temperature Tann. The lines are guides for the eyes. The horizontal line

represents the glass transition temperature for the amorphous sample.



3.2.1. Dynamic mechanical analysis

Fig. 3 shows the 3-D plot of tan dDMA vs. temperature and

frequency. Three relaxation processes indicated by peaks of

tan dDMA are observed. They are called b-, bp-, a-relaxation

in order of increasing temperature or decreasing frequency.

Moreover a cold crystallisation region is visible on the high

temperature side as a shoulder of the main amplitude

a-relaxation peak at 1908C (in agreement with the DSC

experiment). Fig. 4 shows tandDMA vs temperature at

10 Hz for the amorphous sample. Furthermore, the beha-

viour of the amorphous sample is compared to a ®lm

which is treated at 2408C (see Fig. 4). Due to the crystal-

lisation process, the intensity of the b-, the bp-and the

a-relaxation decreases signi®cantly because the content of

the amorphous phase is decreased.

For each relaxation process the temperature of maximal

loss can be extracted and plotted with corresponding

frequency in the Arrhenius map. Each relaxation process

is analysed separately.

3.2.1.1. b -Relaxation: In Fig. 5 the Arrhenius or relaxation

map for the b-relaxation is given. The data can be described

by an Arrhenius equation express as:

f � f1 exp 2
EA

kT

� �
; �1�

where EA is the activation energy, f1 is the pre-exponential

factor, k is Boltzmann constant and T is temperature. The

estimated activation energy is collected in Table 1.

An alternative approach to describe the data is the Eyring

theory [19] which gives

f � kT

2ph
exp 2

DHp

kT

" #
exp 2

DSp

kT

" #
; �2�

where as usual h is Planck's constant, DHp and DSp denote

the activation enthalpy and the entropy respectively. Apply-

ing the general relationship EA � DHp 1 kT ; the quantities

DHp and DSp can be estimated from Eqs. (1) and (2) as given

in Table 1.

Compared to the a- and the bp-relaxation, the intensity or

the strength of the b-process is quite low. The thermal treat-

ment causes a further decrease in the amplitude of tan d in

the temperature region of the b-process (Fig. 4). The

decrease in the intensity of this relaxation process is clearly

due to the reduced amount of the amorphous phase since, as

previously stated, the thermal treatment leads to a crystal-

lisation of the polymer. Nevertheless, a b-relaxation peak

can be detected even for the annealed samples and the acti-

vation parameter can be estimated. For all annealing
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Fig. 3. tan dDMA for the amorphous sample as a function of frequency (ranging from 1 to 15 Hz) and temperature.

Fig. 4. tan dDMA vs. temperature at a frequency of 10 Hz. Amorphous

sample DMA (W) and DEA (X); thermal treated sample at 2408C DMA

(K) and DEA (O).



temperatures the activation energy appears to be slightly

higher than the activation energy for the non-treated sample

(Table 1). However, the signi®cance of this difference

cannot be con®rmed on the limited frequency range which

is available from the mechanical measurements. Fig. 5

shows that the data for the thermal treated samples can be

also described by the same activation energy as the data for

the non-treated sample.

3.2.1.2. b p-relaxation: Fig. 6 displays the relaxation map

for the bp-relaxation. As for the b-process, the data for the

bp-process too, can be described by an Arrhenius equation.

Hence, the activation energy as well as the activation

enthalpy and the entropy can be calculated. The

corresponding values are shown in Table 2. The activation

energy for the bp-process is essentially higher than the value

obtained for the b-relaxation. Also the values of the

estimated activation entropy DSp and enthalpy DHp are

high (Table 2). This indicates that the molecular motions

which are responsible for the bp-process are cooperative or

at least coordinative to some extent.

For the thermal treated samples, the bp-relaxation region

is shifted to lower temperatures (see Fig. 4). The data can be

analysed and the activation parameters (EA, DSp and DHp)

can be extracted (see Table 2). Comparing these values with

those for the non treated samples, it can be seen that the

annealing procedure causes a drastic decrease of the activa-

tion energy. The corresponding values of DSp and DHp are

also essentially lower. This can be regarded as an indication

that the cooperativity of the molecular motions responsible

for the bp-relaxation decreases with thermal treatment.

3.2.1.3. a -relaxation: The relaxation map of the a-

relaxation is presented in Fig. 7. The corresponding trace

in this plot is curved and cannot be described by the

Arrhenius formula. However the Vogel/Fulcher/Tamman-

(VFT-) equation [20,21] which is characteristic for the

dynamics of the glass transition can be used to ®t the data.

The VFT-equation is given by

log f � log f1 2
A

T 2 T0

; �3�

where log f1 is the prefactor, A is a constant and T0 is the

ideal glass transition temperature. Due to the limited range

of frequencies available for the mechanical measurement

the parameter of the VFT-equation could not be estimated

reliably. At low frequencies it is in reasonable agreement

with the glass transition temperature measured by DSC.

For the annealed samples the curve ln f vs. 1/T shifts to

higher temperatures which corresponds to the increase of

the glass transition temperature with annealing.

3.2.2. Dielectric relaxation spectroscopy

In a similar way to the mechanical relaxation behaviour
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Fig. 5. Relaxation map for the b-relaxation. Open symbols DMA data,

®lled symbols DEA data. (S, V) Ð amorphous sample, (A, B) Ð thermal

treatment at 2408C, (K, O) Ð thermal treatment at 2508C, (W, X) Ð

thermal treatment at 2608C.

Table 1

Activation energies calculated with Arrhenius equation, variation of

enthalpy and entropy calculated with Starkweather formalism in the case

of the b relaxation for the amorphous and the three annealed at 240, 250,

and 2608C samples obtained from viscoelastic and dielectric measurements

Ea(b) (kJ/mol) DH (kJ/mol) DS (J/mol/K)

DMA

PEN 300 mm amorphous 49 ^ 5 47 ^ 5 15 ^ 2

PEN 300 mm annealed

2408C, 1 h

64 ^ 6 62 ^ 6 72 ^ 7

PEN 300 mm annealed

2508C, 1 h

52 ^ 5 50 ^ 5 22 ^ 2

PEN 300 mm annealed

2608C, 1 h

56 ^ 5 54 ^ 5 42 ^ 4

DEA

PEN 300 mm amorphous 45 ^ 5 43 ^ 4 8 ^ 1

PEN 300 mm annealed

2408C, 1 h

39 ^ 4 37 ^ 4 2 13 ^ 2

PEN 300 mm annealed

2508C, 1 h

41 ^ 4 39 ^ 4 2 3.3 ^ 1

PEN 300 mm annealed

2608C, 1 h

40 ^ 4 38 ^ 4 2 7 ^ 1

Table 2

Activation energies calculated with Arrhenius equation, variation of

enthalpy and entropy calculated with Starkweather formalism in the case

of the bp-relaxation for the amorphous (obtained from viscoelastic and

dielectric measurements) and the three annealed at 240, 250, and 2608C

samples in the case (DMA measurements only)

Ea (kJ/mol) DH (kJ/mol) DS (J/mol/K)

DMA

PEN 300 mm amorphous 269 ^ 27 266 ^ 27 530 ^ 50

PEN 300 mm annealed

2408C, 1 h

127 ^ 13 124 ^ 13 147 ^ 15

PEN 300 mm annealed

2508C, 1 h

138 ^ 14 135 ^ 14 183 ^ 18

PEN 300 mm annealed

2608C, 1 h

138 ^ 14 135 ^ 14 182 ^ 18

DEA

PEN 300 mm amorphous 152 ^ 15 150 ^ 15 227 ^ 23



measured by DMA, the dielectric spectra also show three

relaxation processes which can be assigned similarly to the

DMA measurements of the b-, bp- and a-relaxations (see

Fig.4). This is demonstrated also in Fig. 8 where the dielec-

tric loss factor tan dDEA is plotted vs. temperature and

frequency. As for the mechanical measurements, the dielec-

tric relaxation spectra will also be discussed in order of

increasing temperature or decreasing frequency.

3.2.2.1. b -relaxation: In Fig. 5 the relaxation map for the

dielectric b-process are plotted and compared with

the mechanical results. Like the mechanical behaviour, the

dielectric behaviour can also be described by an Arrhenius

equation. The estimated activation energy and also the

corresponding activation enthalpy and entropy are given

in Table 1. It is clear that the values taken from the

mechanical measurements are in excellent agreement with

those extracted from the dielectric behaviour.

In addition, the strength of the dielectric b-relaxation

decreases with the thermal treatment, but since the intensity

of the dielectric b-process is higher than that of the mechan-

ical one (see Fig. 4) it can also be evaluated for the annealed

samples (see Fig. 5) and the activation parameter can be

estimated with a higher accuracy. The corresponding data

are summarised in Table 1. There is only a small decrease

(around 5 kJ/mol) of the activation energy of the b-process

due to the annealing. The signi®cance of this decrease based

on the presented data can only be con®rmed by additional

investigations. There appears to be a shift of the b-relaxa-

tion peak to lower temperatures with the thermal treatment,

but this shift varies unsystematically with the annealing

temperature.

3.2.2.2. b p-relaxation: In addition to the data extracted from

the mechanical measurements, Fig. 6 also displays the

relaxation map obtained from the dielectric measurements

for the bp-process. It is dif®cult to extract the values for the

dielectric bp-process because of its strong overlapping with

the a-relaxation which is much more intense than the

bp-relaxation. The data can be described by an Arrhenius

law. The estimated value for the activation energy is

essentially higher than the values published by CanÄadas et

al. [14]. Their reported values (29±77 kJ/mol) appear to be

rather low even for b-relaxation processes. The values for

EA found in the present investigation by dielectric

measurements, agree with that published by Bellomo et al.

[9] which are taken also from dielectric experiments.

According to CanÄadas et al. [14] the value of EA for the

bp-relaxation should be constant for annealing

temperatures higher than 2008C. This conclusion is not

supported by the presented experiments.

The thermal treatment causes a strong decrease of the

intensity of the dielectric bp-relaxation. In general, no

clear peak can be detected in the temperature range where

the bp-process is observed for the non-treated material. Only

for one annealing temperature a very weak dielectric

bp-relaxation process could be detected Due to the dis-

persion in the experimental data, it was not possible to

extract reliable value for the activation parameter. This

may be one reason why the bp-relaxation was not detected

in reference [15] because that paper deals with annealed

samples.

3.2.2.3. a -relaxation: Similarly to the mechanical

measurements, the trace of the dielectric a-relaxation is

curved in the Arrhenius plot. The VFT-equation can be

used to describe the data. The shift of the ln f vs. T

towards higher temperatures for the annealed samples is

consistent with the mechanical data (Fig. 7).

3.2.3. Discussion of the relaxation behaviour

For each relaxation process a small relative shift of the

mechanical loss data compared to the dielectric one is

observed. The mechanical relaxation processes are observed

at temperatures 10±15 K higher than the corresponding

dielectric loss peak (see Figs. 5±7). A similar behaviour is
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Fig. 6. Relaxation map for the bp-relaxation. Open symbols DMA data,

®lled symbols DEA data. (S, V) Ð amorphous sample, (A, B) Ð thermal

treatment at 2408C, (K, O) Ð thermal treatment at 2508C, (W, X) Ð

thermal treatment at 2608C.

Fig. 7. Relaxation map for the a-relaxation. Open symbols DMA data,

®lled symbols DEA data. (S, V) Ð amorphous sample, (A, B) Ð thermal

treatment at 2408C, (K, O) Ð thermal treatment at 2508C, (W, X) Ð

thermal treatment at 2608C.



found, for instance, for a series of poly(alkyl methacrylate)s

[22] and was mentioned previously in the literature [23,24].

In addition, CanÄadas et al. [1,14] described a small shift in

the temperature positions of the relaxation processes

measured by DMA and DEA. In the present investigation

the cold crystallisation process is observed at the same

temperature with both methods. Therefore it is concluded

that each method measures the same relaxation process, but

different aspects of it. Moreover, a comparison of the

mechanical and dielectric relaxation behaviour can give

some insight into the molecular processes because dielectric

spectroscopy is sensitive to ¯uctuations of dipole moments

and mechanical relaxation monitors the ¯uctuations of

internal stresses [25].

3.2.3.1. b -relaxation: The molecular assignment of the

b-relaxation is far from being unanimous in the literature

even for PET. On one hand, Maxwell et al. [26] have shown by

high resolution carbon 13 and deuterium NMR experiments

that the rapid 1808 ¯ip of the phenyl ring can be related more

closely to the DMA b-relaxation than the molecular motions

of the ethylene glycol unit which have a very weak amplitude.

On the other hand, the phenyl ring is apolar and therefore its

molecular motions cannot lead to a dielectric response. Hence,

Maxwell et al. [26] concluded that the b-relaxation peak in

PET is perhaps due to two molecular processes. Moreover,

dielectric and mechanical spectroscopy have been applied to

a group of three polyesters containing naphthalene groups

[27]. A systematic absence of the dielectric b-relaxation is

regarded as an indication that the process is associated with

the naphthalene groups and neighbouring carbonyl groups

undergoing a coordinated rotation motion about the main

polymer axis. Furthermore, it is also known that dielectric

losses for the b-relaxation of PET and PEN are stronger than

the mechanical ones. This shows that there is no agreement in

the literature about the assignment of the b-relaxation in PEN.

The presented results for PEN show that the activation

energy for the b-relaxation is low. Also the values of DHp

and DSp are low. Therefore it is concluded that the molecu-

lar motions responsible for the b-process are local in nature.
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Fig. 8. tan dDEA for the amorphous sample as a function of frequency (ranging from 10 to 50 kHz) and temperature.



This reasoning is also supported by the fact that the activa-

tion parameters are nearly independent of the thermal treat-

ment of the sample and therefore of the semi-crystalline

structure. Moreover the estimated values agree more or

less with those found for PET (50 kJ/mol). Also the location

of the b-adsorption observed for PEN and PET corresponds

to each other. For these reasons the motional processes

related to the b-process should be fairly similar. Since

1808 ¯ips of the bulky and rigid naphthalene groups are

unlikely, it is argued that the b-process must be assigned

to ¯uctuations of the carbonyl (ester) group. This is further

supported by the fact that the dipole moment of 1,2,3,4-

tetrahydronaphthalene is only 0.49±1.67 D whereas the

dipole moment estimated for HCOOC2H5 is m� 1.94±

2.01 D [28].

3.2.3.2. b p-relaxation: A relaxation process similar to the

bp-relaxation found for PEN is not present in PET.

Therefore the bp-process must be due to naphthalene units

[10]. The activation energies for the bp-process are

essentially higher than the values for the b-relaxation.

Also the estimated values for the activation entropy DSp

are high (Table 2). This indicates that the molecular

motions which are responsible for the bp-process are

cooperative to some extent. Recently it has been shown by

optical spectroscopy that the naphthalene groups can

aggregate in solution [29] but also in the solid state [30]. At

present, very little is known about the structure of such

aggregates. For example, it is not known how many

naphthalene groups form an aggregate and how many

aggregates per volume unit are present. Because of the high

value of the activation energy of the bp-relaxation, it is

assumed that the bp-process is due to molecular motions of

these aggregates or part of them. This line of argument is also

supported by the experimental fact that the intensity of the bp-

process is higher for the mechanical measurements than for the

dielectric one because the naphthalene unit is apolar. The

dielectric intensity of the dielectric bp-relaxation must be

due to the ester groups. So it can be argued that the

dielectric bp-relaxation has to be related to ¯uctuations of

ester groups inside or close to the aggregates. For a

mechanical response the large scale motion of a whole

aggregate is necessary. By adopting this scheme, the

experimental fact that the activation energy for the

mechanical bp-relaxation is higher than for the dielectric

one, can be understood.

If the amorphous samples are thermally treated the crys-

tallisation occurs (see Fig. 1). Experimentally the activation

energy of the mechanical bp-relaxation decreases dramati-

cally (see Table 2) and the peak shifts to lower temperatures.

This experimental fact can be regarded as further evidence

for the assignment of the bp-relaxation to a cooperative

motional processes, because local molecular motions are

not generally in¯uenced by a change in the supramolecular

structure. During the crystallisation the chains will be

stretched also in the amorphous regions. This process will

also in¯uence the proposed aggregation which will be more

complicated in the semi-crystalline than in the amorphous

state. Hence, the number, the extent and the size of the

aggregates are smaller in the semi-crystalline state than in

the amorphous one. Therefore the activation energy of the

bp-relaxation is decreased in the semi-crystalline state

compared to the amorphous one.

3.2.3.3. a-relaxation: Due to the more rigid chain structure

of PEN, the glass transition temperature is higher than the

value for PET. It is also well known that the Tg for polymers

with a semi-crystalline morphology is higher than for the

corresponding amorphous state. This is also true for the

investigated PEN sample (see Fig. 7). The DMA

measurements give a systematic increase of the dynamic

glass transition temperature with the annealing

temperature (see Fig. 7). On the contrary, the dynamic

glass transition temperature extracted from the dielectric

measurements increases initially with the annealing

temperature (2408C) but decreases for higher annealing

temperatures (250 and 2608C).

4. Conclusions

The dielectric and dynamic mechanical behaviours of

amorphous PEN and of thermal annealed samples have

been reported as a function of the morphology. The DSC

study shows that the glass transition temperatures do not

change signi®cantly with the thermal treatment and that

the degree of crystallinity and melting temperatures increase

with annealing temperatures as expected. Both DMA and

DEA gives the main a-relaxation process associated to glass

transition and the two processes i.e. the bp- and the

b-relaxation at lower temperatures (or higher frequencies)

than the a-relaxation. These two sub-glass relaxations were

analysed in terms of the activation energies (Arrhenius plot)

and the variation of enthalpies and entropies (Starkweather

formalism) were studied as a function of morphology

(amorphous and semi-crystalline). It has been con®rmed

that the b-relaxation is due to local movements. The mole-

cular mechanism should be similar to that of the

b-relaxation in PET. It is argued that the b-adsorption is

due to local ¯uctuations of carbonyl groups. The high values

found for the activation energies, enthalpies and entropies of

the bp-process leads to the conclusion that this relaxation

process is due to partially cooperative molecular motions.

This line of argument is supported by the structure depen-

dence of the bp-process. It is found that the activation para-

meters decrease with thermal treatment which indicate that

the degree of cooperativity is reduced by the crystallisation

process. Summarising all experimental facts it is argued that

the bp-relaxation should be assigned to molecular ¯uctua-

tions of aggregates of the naphthalene rings which were

evidenced by optical spectroscopic investigations. The

a-relaxation process shifts to higher temperature and the
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amplitude of the peak decreases for the semi-crystalline

samples compared to the amorphous one as expected due

to the decrease of molecular mobility.

This paper shows the complementarity of dielectric and

dynamic mechanical spectroscopy for studying an aromatic

thermoplastic polyester such as PEN. Each experimental

method sheds light on different aspects of the molecular

motions which are under investigation. A future paper will

relate the study of a biaxially stretched PEN ®lm non treated

and thermally treated by these two techniques and an

annealed amorphous sample will be compared with a

semi-crystalline from industrial process.
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