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Abstract

Dielectric relaxation measurements were performed on two series of aryl–aliphatic copolyamides. The repeat unit of the first series was
made of 1 or 1.8 lactam-12 sequences, a tere- or iso-phthalic moiety, and a 3,30-dimethyldicyclohexylmethane unit in regular order. The
second series was obtained from condensation of terephthalic acid onto 1,5-diamino-2-methylpentane. The dielectric relaxation measure-
ments demonstrated the existence of several secondary relaxations. The comparison of the results obtained from the two series of samples
permitted the assignment ofg, b andv relaxations, observed in the first series of compounds, to motions of non-conjugated CyO groups,
CyO groups located between a phenyl ring and a flexible lactam-12 or methylpentane sequence, and CyO groups situated between a phenyl
ring and a rigid cycloaliphatic moiety, respectively.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aryl–aliphatic polyamides are industrial technical
polymers whose uses as transparent plastics require higher
performances than those of polycarbonate and polymethyl-
methacrylate in terms of temperature behavior or resistance
to solvents and stress cracking. The latter properties are
usually met with in the polyamides. The temperature beha-
vior of polyamides, which is largely related to the value of
the glass transition temperature, can be significantly
improved by inserting some aromatic units in the chain
sequence. The transparency of materials necessitates a
completely amorphous structure that is seldom encountered
in either aliphatic or aromatic polyamides themselves.
However, crystallinity can be avoided by using not only
para-substituted phenyl rings, but alsometa-substituted
phenyl rings that decrease the chain regularity. Several
aryl–aliphatic polyamides, which are based on these simple
ideas, were developed. Dynamit Nobel Trogamidw, E.M.S.

Grilamidw, DuPont de Nemours Zytelw or Elf-Atochem
Cristamidw are typical examples.

The present work aims to investigate the relationships
that may exist between the chemical structure of aryl–
aliphatic polyamides and some of their macroscopic proper-
ties. The chemical structure is responsible for some static
characteristics such as the nature of interactions that take
place between atoms, the molecular cohesion, and chain
packing. It defines a reference state of the material that
can be eventually observed at very low temperatures.
However, on increasing the temperature, these initial prop-
erties become considerably modified by molecular motions.
As with static properties, the local chain dynamics is also
largely controlled by the chemical structure. In the present
work, we will focus on the investigation of the local motions
that may occur in the glassy state of some representative
aryl–aliphatic polyamides and might take part in secondary
transitions. We will first report results obtained by using
dielectric relaxation experiments. The dynamic mechanical,
13C and 2H NMR investigation of these polymers will be
published in the forthcoming papers of this series [1–3].

The polymers used for this study are thexTyI12y

copolyamides, whose repeat unit contains,x lactam-12
sequences,y and 12 y tere- and iso-phthalic moieties,
respectively, and a 3,30-dimethyldicyclohexylmethane unit
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Fig. 1. Chemical formulae of the polyamides under study.



in the regular order [4]:

and the following polyamide (MT), obtained from the
condensation of terephthalic acid onto 1,5-diamino-2-
methylpentane:

This set of samples allows independent investigation of
the role of the different composition parameters (i.e. the
tere- or iso-phthalic nature of the aromatic moiety,
lactam-12 or methylpentane chemical nature of the aliphatic
sequence and lactam-12 amount) that determine the
chemical structure of the polymers under study.

2. Experimental

ThexTyI12y and MT samples were kindly provided by Elf
Atochem and Rhoˆne-Poulenc companies, respectively.
Their chemical formulae and code names are given in Fig.
1. Their compositions in terms ofx andy values, molecular
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Table 1
Composition in terms ofx andy values, molecular weight (in polyamide 12 equivalent),Mw, glass transition temperatures as determined from DSC and
amorphous or semicrystalline character of the samples under study

Code name Mw (g mol21) x y Tg (8C) Amorphous/crystalline character

1I 19 900 1 0 151 Amorphous
1T0.7I0.3 22 400 1 0.7 154 Amorphous
1T 18 600 1 1 157 Low crystallinity
1.8T 31 600 1.8 1 122 Amorphous
MT 1 138 Semicrystalline

Fig. 2. Dielectric loss tangent vs temperature for 1I at different frequencies.



weight, Mw, amorphous or semicrystalline character, and
glass transition temperatures,Tg, are summarized in
Table 1. The glass transition temperatures were deter-
mined by using a differential scanning calorimeter
(DSC) (Du Pont 1090) operating at 10 K min21. They
were estimated from the intersection between the initial
base line and the sloping portion of the base line
attributable to the glass transition phenomenon. The
polymer densities were determined by the flotation
method.

Thick films (80–150mm) were prepared by compression
molding under vacuum atTg 1 508 for the amorphous 1I,
1T0.7I0.3 and 1.8T samples and 320 and 3008C for 1T and
MT, respectively. All the samples were carefully annealed
under vacuum atTg 1 208 for at least 2 days to remove the
residual water. The absence of water was checked by

thermal gravimetric analysis that did not detect any loss
weight at temperatures below the degradation temperature
of 4508C in the annealed films.

Measurements of the complex dielectric function were
made in the frequency range 1–105 Hz using a frequency
response analyzer (Solartron-Schlumberger FRA 1260 with
a Kistler amplifier). A thin (,30 nm) aluminum layer was
deposited under vacuum on the polymer films. A square
mask, on each side of the polymer film, defined the elec-
trode surface (1 cm2). The temperature was controlled by a
nitrogen gas heating system. The measurements covered a
temperature range from2140 to 1508C in 58 steps. No
conductivity contribution was detected under the above
experimental conditions.

Determinations of the dielectric strength were performed
according to the method outlined in Ref. [5]. The
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Fig. 3. Dielectric loss tangent vs temperature for 1T0.7I0.3 at different frequencies.

Fig. 4. Dielectric loss tangent vs temperature for 1T at different frequencies.



temperatures at the start and end of theb relaxation
were measured on the1 00 trace at 1 Hz, which leads
to the best resolution of the transitions. The unrelaxed
and relaxed1 u and 1 r values were the1 0 values deter-
mined at these temperatures. The temperature used in
the Onsager expression is the temperature at the end of
the relaxation.

3. Results and discussion

3.1. xTyI12y copolyamides

The dielectric loss tangents, tand; of 1I, 1T0.7I0.3, 1T and
1.8T are plotted as a function of temperature in Figs. 2–5 for
five representative frequencies. As shown in these figures a
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Fig. 5. Dielectric loss tangent vs temperature for 1.8T at different frequencies.

Fig. 6. Dielectric relaxation maps of 1I, 1T0.7I0.3, 1T and 1.8T.



rapid increase in tand is observed at temperatures of the
order of 1308C at 1 Hz for 1I, 1T0.7I0.3 and 1T, and 1108C for
1.8T. This behavior is characteristic for the occurrence of
the glass transition phenomenon, which is in good
agreement with DSC data reported in Table 1.

At lower temperatures, the dielectric experiments point
out the existence of two secondary relaxations: ab transi-
tion around2708C at 1 Hz and ag transition, with a smaller
intensity, which can be seen at high frequencies, for
example around21108C at 1 kHz. At 1 Hz the maximum
g relaxation peak occurs at temperatures below the lowest
temperature investigated, i.e.21508C.

In the temperature range between the glass transition
temperature and theb transition, the four samples exhibit
a low-intensity broad peak. This additional transition, noted
asv, occurs around 608C at 1 and 10 Hz. At higher frequen-
cies, it progressively merges with the glass transition
phenomenon.

As shown in Figs. 2–5, theg, b andv secondary transi-
tions are shifted to higher temperatures on increasing the
frequency,f. The frequency dependences of temperatures,
Tmax, at which the maximum of tand is observed forb andg
relaxations are plotted in Fig. 6. As indicated by the linear
behavior of log�f � as a function of 1=Tmax; whatever is the
xTyI12y polymer considered, theb andg processes obey an
Arrhenius law. The corresponding activation energies,Eag

andEab; are listed in Table 2, together with the activation
entropies,DSab and DSag, calculated according to the

Starkweather analysis [6–8]:

Ea � RT�1 1 ln�kT=2phf��1 TDSa �1�
within the experimental error,Eag andEab do not depend on
the polyamide exact composition.

According to Starkweather [7], low values of the activa-
tion entropy can be interpreted in terms of localized
motions, whereas higher values (50–100 J K21 mol21)
correspond to cooperative motions. Therefore, theg transi-
tion of copolyamides under study, which has a low activa-
tion entropy (10–20 J K21 mol21), can be assigned to
localized motions. Theb transition, which has a higher
activation entropy (50–80 J K21 mol21), should correspond
to motions with some cooperative character.

3.2. MT copolyamide

The dielectric loss tangent, tand; of MT is plotted as a
function of the temperature in Fig. 7 for five representative
frequencies. As observed in thexTyI12y polymers, the rapid
increase in tand; observed at 1 Hz around 1308C can be
assigned to the beginning of the glass transition phenom-
enon, which is in agreement with the DSC determination of
Tg (Table 1). BelowTg, the MT behavior exhibits several
differences with respect to the results observed inxTyI12y

polyamides: the first difference comes from the absence of a
transition in the low-temperature region, where theg
transition of xTyI12y polymers is observed, even in the
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Table 2
Activation energies and entropies determined for theg andb relaxations of the different copolyamides

Polyamide Eag (kJ mol21) DSag (J K21 mol21) Eab (kJ mol21) DSab (J K21 mol21)

1I 31^ 5 12^ 35 61^ 5 56^ 25
1T0.7I0.3 32^ 5 14^ 35 63^ 5 62^ 25
1T 32^ 5 15^ 35 64^ 5 67^ 25
1.8T 33^ 5 18^ 35 66^ 5 74^ 25
MT 57^ 5 34^ 25

Fig. 7. Dielectric loss tangent vs temperature for MT at different frequencies.
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Fig. 8. Dielectric loss1 00 vs temperature obtained at different frequencies for MT: (B), experimental data; (—), calculatedb peak using expressions (8) and (9)
with the following set of parameters:1r 2 1u � 0:47; Eave

a � 62:0 kJ mol21
; B2 � 9:9 kJ mol21

; t0 � 10216 s; (- - -), difference trace.



experiments performed at high frequencies. The second
point concerns the characteristics of the broad secondary
transition lying in the temperature range from2100 to
1808C. On increasing the frequency, the maximum of the
peak is shifted to a higher temperature, the peak intensity
increases and the lineshape is modified. At 1 Hz, at least two
distinct contributions, can be distinguished in this broad
line. The low-temperature part corresponds to a peak
centered around2608C, comparable to theb peak observed
at 1 Hz in thexTyI12y samples. This contribution will be
denoted asb in henceforth. The high-temperature part
exhibits a broad shoulder in the temperature range from 0
to 508C. Curiously enough, the latter contribution is not
clearly observed in the dielectric traces recorded at higher
frequencies, in disagreement with the expected shift towards
high temperature which is characteristic of an Arrhenius
behavior. In this regard this second contribution is notice-
ably different from thev transition ofxTyI12y samples.

In order to perform a more detailed analysis of both the
low- and high-temperature contributions, we have first
looked for a precise description of theb peak at each
frequency. The simplest model that can account for the
secondary relaxation phenomena is based on a single corre-
lation timet . Under this assumption, the real and imaginary
parts of the permittivity are given by the following Debye
expressions [9]:

1 0 � 1u 1
�1r 2 1u�
1 1 v2t2 �2�

1 00 � �1r 2 1u� vt

1 1 v2t2 �3�

where1 r and 1u are the relaxed and unrelaxed1 0 values
recorded before and after the transition, respectively.
Some dielectric or mechanical transitions can be repre-
sented by these simple equations. However, this model
does not account for most of the data. When considering a

distribution of correlation times,c�ln t�; 1 0 and1 00 can be
written as [9]:

1 0 � 1u 1 �1r 2 1u�
Z1 ∞

2 ∞
c�ln t�

1 1 v2t2 d�ln t� �4�

1 00 � �1r 2 1u�
Z1 ∞

2 ∞
c�ln t�vt
1 1 v2t2 d�ln t� �5�

A Gaussian distribution is often used [10–12] as follows:

c�ln t� � 1
B

��
p
p exp 2

ln t 2 ln tave

B

� �2
" #

�6�

whereB is the distribution width. Such a function permits to
elucidate the origin of the distribution of correlation times.
Indeed, using an Arrhenius expression for the correlation
time, t [12]:

t � t0 exp
Ea

RT

� �
�7�

it appears that the distribution oft may originate either from
a preexponential factor,t0, or from an activation energy,Ea,
distribution. Three different possibilities can be considered:

1. a t0 distribution only—then,c�ln t� corresponds to a
c1�ln t0� Gaussian function with widthB1 � B;

2. an Ea distribution only—thenc�ln t) corresponds to a
c2�Ea� Gaussian function with widthB2 � BRT;

3. botht0 andEa distributions.

With the assumption of anEa distribution only, theb peak
of MT can be calculated using the following expression:

1 00 � �1r 2 1u�
Z1 ∞

2 ∞
c2�Ea� vt�Ea�

1 1 v2t�Ea�2
d�Ea� �8�
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Fig. 9. Dielectric losses1 00 vs temperature obtained for 1I at 1 Hz and 10 kHz.(X): (A), experimental data; (—), (- - -), calculatedb peaks using expressions (8)
and (9) with the following set of parameters:1r 2 1u � 0:13; Eave

a � 60:6 kJ mol21
; B2 � 1:7 kJ mol21

; t0 � 1:38× 10216 s:



with

c2�Ea� � 1
B2

��
p
p exp 2

Ea 2 Eave
a

B2

� �2
" #

�9�

v � 2pf �10�

t�Ea� � t0 exp
Ea

RT

� �
�11�

The best fit at 1 Hz was obtained by using the following
set of parameters:1r 2 1u � 0:47; Eave

a � 62:0 kJ mol21
;

B2 � 9:9 kJ mol21
; t0 � 10216 s: The b peak was calcu-

lated at the different frequencies using these parameters. It
was then subtracted from the experimental pattern observed
at the same frequency. Results thus obtained are shown in
Fig. 8. At each frequency, the calculatedb peak is in good
agreement with experimental data. The maximum of the
peak is located at the same temperature; the width and
intensity of the calculated curve are systematically smaller
than the experimental ones. Under these conditions, the
difference between the calculatedb peak and the experi-
mental trace points out the existence of an additional contri-
bution at each frequency that is observed in the same
temperature range irrespective of the frequency. Therefore,
this additional contribution corresponds to a frequency-
independent process.

However, the above assumptions may not be entirely
satisfying in the case of the MT polyamide. Indeed, the
calculation used to represent theb peak is based on a rather
broad �B2 � 9:9 kJ mol21� distribution of activation ener-
gies. However, in all thexTyI12y samples investigated, for
which theb transition is clearly separated from the other
transitions, the intensity of theb peak exhibits only a weak
frequency dependence that implies that the activation
energy of theb process has quite a narrow distribution.
For example, in 1I (Fig. 9) aB2 width of 1.7 kJ mol21 is

sufficient to account for the intensity increase on increasing
the frequency. However, as shown in Fig. 9, such a distribu-
tion does not describe the width of the experimentalb peak.
Therefore, at0 distribution must also be considered. In such
a case, the different motional modes may not be solicited
with the same efficiency at each frequency and thet0 distri-
bution may depend on the experimental frequency. In such a
case, the calculation of theb peak is no more simple and we
have thus preferred the following approach.

Fig.10 shows the comparison of the dielectric loss
tangents, tand; determined at 1 Hz for thexTyI12y and
MT samples as a function of the temperature. All the
xTyI12y polymers exhibit the sameb peak within the experi-
mental error. Moreover, theb peak of the MT polyamide is
identical to theb peak of xTyI12y polymers in the low-
temperature range, where the high-temperature contribution
does not interfere. Therefore, as a first approximation, theb
peak of MT can be described by theb peak of thexTyI12y

series. Results obtained by subtracting theb peak (after a
1.3 multiplication accounting for the observed intensity) of
xTyI12y polymers from the experimental dielectric loss
tangent of MT are shown in Fig. 11. They point out the
existence of an additional contribution that does not depend
on the frequency.

As discussed above, the correlation time distribution
involved in theb transition ofxTyI12y polymers is mainly
due to at0 distribution rather than to a distribution of acti-
vation energies, the nature of the correlation time distribu-
tion is not elucidated in MT. The two decompositions
performed in this work allow investigation of the two pos-
sible origins of the correlation time distribution, i.e. either a
distribution of activation energies or at0 distribution. They
both lead to the same conclusion: the additional contribution
to theb peak observed at high temperature is frequency-
independent. It can thus be assigned to a quasi-melting
phenomenon. In principle, such a process could be detected
by DSC. Fig. 12 shows the DSC trace of MT, recorded at a
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Fig. 10. Dielectric loss tangent vs temperature determined at 1 Hz for the different samples.



108 min21 heating rate. A change in the slope is observed
around 308C. It indicates the onset of an endothermic event
whose maximum is around 808C. These temperatures are
the temperatures at which the maximum and end,

respectively, of the quasi-melting process are observed on
the difference dielectric traces (Figs. 8 and 11).

The relaxation map of MT is plotted in Fig. 13. Theb
transition obeys an Arrhenius law. Its activation energy and
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Fig. 11. Dielectric losse 00 vs temperature obtained for MT at different frequencies: (B), experimental data; (—), 1Ib peak lineshape; (- - -), difference trace.



entropy are listed in Table 2. The activation energy,Eab, is
very similar to the activation energy determined inxTyI12y

polymers for theb transition. On the contrary, the activation
entropy determined according to Starkweather analysis is
quite low, indicating that theb transition of MT is less
cooperative than theb transition ofxTyI12y polymers.

3.3. Assignment of the relaxations

In the copolyamides under study, the dipoles that are
responsible for the dielectric relaxations are associated
with the CyO groups of the amide functions. Due to the
quasi-conjugated character of the CO–NH bond, the amide
group takes on a rigid plane conformation and motions
about the CO–NH bond are very unlikely [13,14]. There-
fore, the dielectric relaxations of polyamides should
correspond to motional modes that involve the whole
amide groups and not only the carbonyls.

As shown in Fig. 1, depending on their degree of conju-
gation with the neighboring groups and on the rather rigid or
flexible character of these neighbors, three different CyO
groups can be distinguished:

1. COaliph groups that are non-conjugated carbonyl groups
situated between two aliphatic units, a flexible lactam-12

unit on one side and a rigid cycloaliphatic unit on the
other side. In addition, the 1.8T polyamide also possesses
a CyO group, noted COaliph2, located between two
lactam-12 segments.

2. COarom1 groups, which are located between a flexible
lactam-12 or methylpentane unit and a phenyl, ring and
share some conjugation with the phenyl ring.

3. COarom2 groups, which are located between a rigid
cycloaliphatic unit and a phenyl ring and share some
conjugation with the phenyl ring.

Regarding the dielectric behavior, the simplest compound
is the MT polymer. It contains COarom1 carbonyl groups
only. As its dielectric trace exhibits only one transition,
this b transition can be unambiguously assigned to the
motion of these COarom1 dipoles. This conclusion is mark-
edly different from the results derived for theb transition of
aliphatic polyamides. In humid aliphatic polyamides, theb
transition is mainly due to amide groups that are hydrogen-
bonded to water molecules [9]. In carefully dried aliphatic
polyamides, the amide groups that are responsible for theb
relaxation are not hydrogen-bonded to other chains. They
may belong to short chains or chain ends [9,15,16].

The dielectric traces of 1I, 1T0.7I0.3 and 1T show ab
transition whose characteristics in terms of temperature
and activation energy are very close to those of MT (Fig.
10). Therefore, it can be assigned to the COarom1motions too.
These materials exhibit two other transitions,g and v,
which occur in very different temperature ranges. The two
kinds of carbonyl groups, which are not assigned yet, are
quite different: the COarom2 group is conjugated with the
phenyl ring, whereas the COaliph is not. The existence of
some conjugation implies that the correlation between the
COarom2 group and phenyl group is much stronger than the
correlation between the COaliph and its aliphatic environ-
ment. In addition, due to the proximity of the flexible
lactam-12 unit, the COaliph groups should exhibit a higher
mobility and their motions should occur at lower tempera-
tures than the COarom2motions. Theg andv transitions can
thus be assigned to the motions of COaliph and COarom2

carbonyls, respectively.
It must be noticed that bothb andv transitions arise from

motions of conjugated carbonyls. The difference in their
onset temperature results from the chemical nature of their
aliphatic environment. The relaxation of the Coarom1groups,
which are next to a lactam-12 unit, more flexible than the
cycloaliphatic part, occurs at a lower temperature than the
COarom2 transition.

The dielectric behavior of 1.8T in the regions ofb andv
transitions is very similar to the behavior observed for the
1TyI12y polymers, and, therefore, the assignment of these
two transitions to motions of the COarom1 and COarom2

groups, respectively, is straightforward. As shown in Figs.
10 and 14, which compare the dielectric behaviors of
various samples at 1 Hz and 1 kHz, respectively, there are
some differences in the region of theg transition. It must be
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Fig. 12. DSC trace of MT.

Fig. 13. Dielectric relaxation map of MT.



noticed that 1.8T possesses two kinds of aliphatic carbonyl
groups: in addition to the COaliph groups, situated between a
lactam-12 sequence and cycloaliphatic ring, similar to those
found in 1TyI12y polymers, there are also COaliph2 groups
located between two lactam-12 sequences, which benefit
from a more flexible environment than the COaliph groups.
Therefore one might be expected to observe twog relaxa-
tions in 1.8T, one being identical to theg transition of
1TyI12y polyamides and the other one at a lower tempera-
ture, arising from the more mobile COaliph2 groups.
However, only oneg relaxation is observed for 1.8T as
shown in Figs. 10 and 14. At 1 Hz (Fig. 10), the only differ-
ence with the 1TyI12y samples comes from a higher
intensity ofg relaxation. At 1 kHz (Fig. 14), theg transition
of 1.8T is not only more intense than theg transition of
1TyI12y samples, but it is also more spread out towards
the high-temperature side whereas the onset of the transi-
tion, in the low-temperature part, is unchanged. This result
shows the existence of an additional contribution, denoted
g 0, occurring at a higher temperature than the COaliph process
of 1TyI12y polymers. Thisg 0 contribution, centered around

2928C, is clearly shown in the 1 kHz difference trace
plotted in Fig. 15 with the 1I sample being taken as refer-
ence. The same decomposition, performed at 100 Hz and
10 kHz, leads to the determination of a 42 kJ mol21 activa-
tion energy and a 59 J K21 mol21 activation entropy. The
latter value is significantly higher than the 12–15 J K21 mol21

DSag value derived for the 1TyI12y polyamides. As
compared with the COaliph motional process observed in
the 1TyI12y polymers, it indicates a more cooperative
character for motions responsible for theg 0 contribution.
Therefore, the increase in flexibility associated with the
larger amount of lactam-12 units is compensated by a larger
cooperativity.

In aliphatic polyamides, theg dielectric transition is
systematically associated with ag mechanical transition,
assigned to motions of the (CH2)n sequences [9,17–19].
As will be shown in a forthcoming paper [1], these (CH2)n

sequences are also likely to be involved in theg
transition of aryl–aliphatic copolyamides. The activation
energies derived for theg process in polyamide 12
(28.1 kJ mol21) [20] and polyamides 3 and 4
(33.4 kJ mol21) [21] are in good agreement with the activa-
tion energy calculated for theg process in the present work
(31–33 kJ mol21). On the contrary, the temperatures at
which the maximum of theg dielectric transition is
observed at 1 Hz on several aliphatic polyamides [20]
(Table 3) are higher than those observed forxTyI12y

polymers. They are quite close to the temperature
(2928C) corresponding to the maximum of the high-
temperatureg 0 contribution occurring in 1.8T. This result
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Fig. 14. Dielectric loss tangent vs temperature determined at 1 kHz for the different samples.

Fig. 15. Dielectric loss tangent vs temperature determined at 1 kHz for 1.8T
( × ) and 1I (X); (—): difference trace.

Table 3
Temperatures at which the maximum of theg dielectric transition is
observed at 1 Hz on several aliphatic polyamides [20]

Polyamide PA-6 PA-6,6 PA-6,10 PA-12
Temperature (8C) 273 296 297 278



is consistent with the fact that COaliph2 groups, just as CyO
groups of aliphatic polyamides, are situated between two
flexible (CH2)n sequences. Therefore, in the present work,
the low-temperature part of theg peak, observed in all
xTyI12y samples under study, can be assigned to COaliph

modes possibly enhanced by the methylene motions of the
flexible sequence. The high-temperatureg 0 contribution in
1.8T is assigned to COaliph2 motional processes with a spatial
scale larger than the COaliph ones, involving not only the
aliphatic carbonyl groups located between two lactam-12
units but also the adjacent methylene units on both sides.

3.4. Influence of the proportion of lactam-12 sequences and
positions of the substituents on the aromatic rings

The areas under the transitions, defined by the1 00 depen-
dences, are directly related to the dissipated energy [9].
Contrary to tand; 1 00 is sensitive to eventual changes in
the film thickness. However, this error can be corrected by
normalizing the area under each transition by the sum of the
areas under theg andb processes. As shown in Table 4, the
g transition accounts for 16–16.2% of the total area in
1TyI12y polymers. In 1.8T, theg and g 0 transitions
contribute to 21.7% of the total area.

The relevant parameter is the dipole density

Ni � Xid
NAv

M
�12�

whereNi is the density of a given dipolei, Xi the number of
dipoles i per repeat unit,d the polymer density,NAv the
Avogadro constant andM the molecular weight of the repeat
unit. Results listed in Table 5 show that the COaliph density is
constant in 1TyI12y series, as well as the relative area below
theg transition (16–16.2%).

The relative area under a given relaxationi can be written
as the product of the corresponding dipole density,Ni, by an

efficiency factor,ei:

%g area� Ngeg
Ngeg 1 Nbeb

� Ng

Ng 1 Nb

eb
eg

�13�

%b area� Nbeb
Nbeb 1 Ngeg

� Nb

Nb 1 Ng

eg
eb

�14�

The eb=eg ratios, determined from areas under transitions,
are given in Table 4 for 1TyI12y polymers. They do not vary
in 1TyI12y series. As, in all these materials, the COaliph

groups have the same environment, and, therefore, the
same motions andeg factor, this result indicates that the
eb factor describing the efficiency of the COarom1 motions
is also a constant in this series. It thus appears that the
relative,metaor para, positions of the substituents on the
phthalic moiety have no detectable influence on the dielec-
tric relaxation of the COarom1units. This conclusion implies
that either the motions of COarom1 groups and phenyl rings
are uncorrelated or the local dynamics of the phenyl rings is
independent of the position of the substituents. This
question will be addressed in a forthcoming paper using
high-resolution solid-state13C NMR experiments [1].

By using an efficiency ratioeb=eg of 5.20, taken from
results listed in Table 4, one can calculate relative areas of
25.7 and 74.3% below theg 1 g 0 andb transitions, respec-
tively, in 1.8T. These values are in reasonable agreement
with the experimental results determined from dielectric
traces at 1 kHz, i.e.: 21.7 and 78.3%, respectively. There-
fore, within an experimental error, theg 1 g 0 contribution
in 1.8T appears to be characterized by the sameeg factor that
governs theg relaxation of 1TyI12y polymers.

More information on theb relaxation can be obtained by
considering the dielectric relaxation strengthD1 , which
corresponds to the area below the dielectric loss curves
measured for the transition. Its expression is given by the
Onsager equation

D1 � 1r�1u 1 2�2
21r 1 1u

4pNm2

9kT
�15�

whereN denotes the number of monomeric units per unit
volume andm the dipole moment per monomer unit.

This expression, that derives the strength of a dielectric
relaxation arising from dipoles that are freely rotating about
the chain local axis, was initially used for the glass transition
phenomenon. It was then applied to secondary transitions
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Table 4
Areas (%) under theb andg transitions and efficiency factors determined at
1 kHz

Polyamide g area (%) b area (%) �eb=eg�

1I 16.0 84.0 5.25
1T0.7I0.3 16.1 83.9 5.21
1T 16.2 83.8 5.17
1.8T 21.7 78.3

Table 5
Density and dipole densities for the different samples

Polyamide Density (g cm23) XCOaliph
1027 × NCOaliph

�dip m23� XCOarom1
1027 × NCOarom1

�dip m23�

1I 1.055 1 1.125 1 1.125
1T0.7I0.3 1.057 1 1.127 1 1.127
1T 1.054 1 1.124 1 1.124
1.8T 1.042 1.8 1.563 1 0.868



[5,22,23]. Results obtained according to Ref. [5] by assum-
ing that all the COarom1 dipoles are freely rotating are listed
in Table 6. They show that the measured dielectric strength
is always lower than the calculated one. This difference may
be due to the fact that only a fraction of COarom1dipoles are
flipping. The ratio of the experimental dielectric strength to
the calculated one is of the order of 0.3, independent of the
xTyI12y polymer investigated. This result is consistent with
the fact that theb relaxation exhibits the same efficiency
factor in all these samples.

4. Conclusion

Dielectric relaxation measurements performed on five
aryl–aliphatic copolyamides have shown two different
behaviors:xTyI12y polymers exhibit three secondary relaxa-
tions denoted asg, b andv with an increasing temperature.
On the contrary, MT shows only one secondary transition.
This different behavior, as well as the dependence of
dielectric data as a function of the chemical composition
of samples, has led to the identification of dipoles that are
involved in motional processes responsible for these
relaxations.

The g relaxation is due to motions of non-conjugated
amide groups. The aliphatic environment of these groups
determines the spatial scale of the motions in which they
are involved. Amide groups located between a lactam-12
sequence and a cycloaliphatic moiety undergo localized
modes characterized by low activation entropy and energy.
Amide groups that are between two lactam-12 sequences
exhibit motions with a higher activation entropy and,
therefore, a higher cooperative character.

b and v relaxations originate from motions of amide
functions that are conjugated with phenyl rings. The
1208C temperature difference that separates these two
processes at 1 Hz can be explained in terms of local
environments of these functions. Dipoles responsible for
theb transition are CyO groups next to a flexible lactam-

12 or methylpentane sequence, whereas dipoles responsible
for the v transition are bound to a rigid cycloaliphatic
moiety. Theb relaxation of thexTyI12y polymers has a
60–70 J K21 mol21 activation entropy that corresponds to
motions with some cooperative character.

The v transition is a very broad, ill-defined transition
which could not be studied in detail. In addition to these
secondary relaxations, the MT polymer exhibits a
frequency-independent phenomenon, located around 308C.
In agreement with the DSC results, it has been assigned to a
quasi-melting process.
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Table 6
Experimental and calculated dielectric strength,D1 , of theb relaxation,
using the Onsager expression,m � 2:4D andD � 3:33564× 10230

Polyamide eu e r ExperimentalD1 CalculatedD1

1I 2.802 3.304 0.502 1.842
1T0.7I0.3 2.970 3.494 0.524 2.009
1T 2.981 3.486 0.505 1.941
1.8T 2.878 3.359 0.481 1.438


