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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, angdin8edhyldicyclohexylmethane 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 sample:
permitted the assignment of B andw relaxations, observed in the first series of compounds, to motions of non-conjuga@dréups,
C=0 groups located between a phenyl ring and a flexible lactam-12 or methylpentane sequene€)andups situated between a phenyl
ring and a rigid cycloaliphatic moiety, respectivei®.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction Grilamid®, DuPont de Nemours Zyt@l or Elf-Atochem
Cristamid® are typical examples.

Aryl—aliphatic polyamides are industrial technical The present work aims to investigate the relationships
polymers whose uses as transparent plastics require highethat may exist between the chemical structure of aryl—
performances than those of polycarbonate and polymethyl-aliphatic polyamides and some of their macroscopic proper-
methacrylate in terms of temperature behavior or resistanceties. The chemical structure is responsible for some static
to solvents and stress cracking. The latter properties arecharacteristics such as the nature of interactions that take
usually met with in the polyamides. The temperature beha- place between atoms, the molecular cohesion, and chain
vior of polyamides, which is largely related to the value of packing. It defines a reference state of the material that
the glass transition temperature, can be significantly can be eventually observed at very low temperatures.
improved by inserting some aromatic units in the chain However, on increasing the temperature, these initial prop-
sequence. The transparency of materials necessitates arties become considerably modified by molecular motions.
completely amorphous structure that is seldom encounteredAs with static properties, the local chain dynamics is also
in either aliphatic or aromatic polyamides themselves. largely controlled by the chemical structure. In the present
However, crystallinity can be avoided by using not only work, we will focus on the investigation of the local motions
para-substituted phenyl rings, but alsmetasubstituted that may occur in the glassy state of some representative
phenyl rings that decrease the chain regularity. Severalaryl—aliphatic polyamides and might take part in secondary
aryl—aliphatic polyamides, which are based on these simpletransitions. We will first report results obtained by using
ideas, were developed. Dynamit Nobel Troga@jdE.M.S. dielectric relaxation experiments. The dynamic mechanical,

13 and®H NMR investigation of these polymers will be
published in the forthcoming papers of this series [1-3].
m author. Laboratoire de Recherche sur les Poigne The polymers used for this study are thé-ylliy
CNRS, ZRaS rug Henri bunant, 94320 Thiais, France. Tek: 33-1- copolyamides, whose repeat unlt, contanxs'Jactanj-l'Z
4978-1286, fax: + 33-1-4978-1208. sequencesy and 1—vy tere- and iso-phthalic moieties,
E-mail addressiaupretre@glvt-cnrs.fr (F. Laufire) respectively, and a 3,2limethyldicyclohexylmethane unit

0032-3861/00/$ - see front matt€r 1999 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(99)00437-1
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Fig. 1. Chemical formulae of the polyamides under study.
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Table 1
Composition in terms ok andy values, molecular weight (in polyamide 12 equivaleM),, glass transition temperatures as determined from DSC and
amorphous or semicrystalline character of the samples under study

Code name M,, (g mol™%) X y T, (°C) Amorphous/crystalline character
1l 19 900 1 0 151 Amorphous

1To7Aos 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

in the regular order [4]:

r \
CH,
0 H 0
1 1 1 1-y
-- C—(CHZ)TN e 'C'—I\: CH, N -—
1
X O H H
CH
<:> 3 n
\ [

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

n

This set of samples allows independent investigation of 2. Experimental
the role of the different composition parameters (i.e. the
tere- or iso-phthalic nature of the aromatic moiety,  ThexT,l; yand MT samples were kindly provided by EIf
lactam-12 or methylpentane chemical nature of the aliphatic Atochem and Rhoee-Poulenc companies, respectively.
sequence and lactam-12 amount) that determine theTheir chemical formulae and code names are given in Fig.

chemical structure of the polymers under study. 1. Their compositions in terms afandy values, molecular
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Fig. 2. Dielectric loss tangent vs temperature for 1l at different frequencies.
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Fig. 3. Dielectric loss tangent vs temperature fop 4d at different frequencies.

weight, M,,, amorphous or semicrystalline character, and thermal gravimetric analysis that did not detect any loss
glass transition temperatures,, are summarized in  weight at temperatures below the degradation temperature
Table 1. The glass transition temperatures were deter-of 450°C in the annealed films.

mined by using a differential scanning calorimeter Measurements of the complex dielectric function were
(DSC) (Du Pont 1090) operating at 10 K mih They made in the frequency range 1Mz using a frequency
were estimated from the intersection between the initial response analyzer (Solartron-Schlumberger FRA 1260 with
base line and the sloping portion of the base line a Kistler amplifier). A thin &30 nm) aluminum layer was
attributable to the glass transition phenomenon. The deposited under vacuum on the polymer films. A square
polymer densities were determined by the flotation mask, on each side of the polymer film, defined the elec-

method. trode surface (1 cA). The temperature was controlled by a
Thick films (80—150.m) were prepared by compression nitrogen gas heating system. The measurements covered a
molding under vacuum afy + 50° for the amorphous 1I,  temperature range from-140 to 150C in 5 steps. No

1Ty Aoz and 1.8T samples and 320 and 3DUor 1T and conductivity contribution was detected under the above
MT, respectively. All the samples were carefully annealed experimental conditions.

under vacuum &ty + 20° for at least 2 days to remove the Determinations of the dielectric strength were performed
residual water. The absence of water was checked byaccording to the method outlined in Ref. [5]. The
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Fig. 4. Dielectric loss tangent vs temperature for 1T at different frequencies.
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Fig. 5. Dielectric loss tangent vs temperature for 1.8T at different frequencies.

temperatures at the start and end of fherelaxation 3. Results and discussion

were measured on the” trace at 1 Hz, which leads

to the best resolution of the transitions. The unrelaxed 3.1. XTyl;_, copolyamides

and relaxede, and &, values were thes’ values deter-

mined at these temperatures. The temperature used in The dielectric loss tangents, tanof 11, 1Ty Aq3 1T and
the Onsager expression is the temperature at the end ofL.8T are plotted as a function of temperature in Figs. 2—5 for

the relaxation. five representative frequencies. As shown in these figures a
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Fig. 6. Dielectric relaxation maps of 1I, 373 1T and 1.8T.
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Table 2

Activation energies and entropies determined foryh@nd 8 relaxations of the different copolyamides

Polyamide Ex (kI mol™) AS,, (K tmol™) Ezp (kI mol™) ASg (JK T mol™
1l 315 12+ 35 61+5 56+ 25

1ToAos 32+5 14+ 35 63+ 5 62+ 25

iT 32+5 15+ 35 64+ 5 67+ 25

1.8T 335 18+ 35 66+ 5 74+ 25

MT 57+5 34+ 25

rapid increase in taf is observed at temperatures of the Starkweather analysis [6—8]:
order of 130C at 1 Hz for 11, 1§ Agzand 1T, and 111 for _
1.8T. This behavior is characteristic for the occurrence of Ea = RTIL+ In(kT/2mhf)] + TAS, )

the glass transition phenomenon, which is in good within the experimental erroE,, andE, do not depend on

agreement with DSC data reported in Table 1. the polyamide exact composition.
At Iower_ temperatures, the dielectric experiments point According to Starkweather [7], low values of the activa-
out the existence of two secondary relaxation§: @ansi- tion entropy can be interpreted in terms of localized

tion around—70°C at 1 Hz and & transition, with asmaller  motions, whereas higher values (50—-100J Kol™)

intensity, which can be seen at high frequencies, for correspond to cooperative motions. Therefore,heansi-
example around-110°C at 1 kHz. At 1 Hz the maximum  tjon of copolyamides under study, which has a low activa-
vy relaxation peak occurs at temperatures below the lowesttion entropy (10-20JK'mol ™%, can be assigned to
temperature investigated, i.e.150°C. localized motions. TheB transition, which has a higher

In the temperature range between the glass transitionactivation entropy (50—80 J ¥ mol ™), should correspond
temperature and th@ transition, the four samples exhibit  tg motions with some cooperative character.

a low-intensity broad peak. This additional transition, noted
asw, occurs around 6C at 1 and 10 Hz. Athigher frequen- 3 5 MT copolyamide
cies, it progressively merges with the glass transition
phenomenon. The dielectric loss tangent, tai of MT is plotted as a

As shown in Figs. 2-5, the, B andw secondary transi-  function of the temperature in Fig. 7 for five representative
tions are shifted to higher temperatures on increasing thefrequencies. As observed in th&,l,_, polymers, the rapid
frequency,f. The frequency dependences of temperatures, increase in tad, observed at 1 Hz around 13D can be
Tmax at which the maximum of tafiis observed fof3 and~y assigned to the beginning of the glass transition phenom-
relaxations are plotted in Fig. 6. As indicated by the linear enon, which is in agreement with the DSC determination of
behavior of logf) as a function of AT 5, Whatever is the Ty (Table 1). BelowTy, the MT behavior exhibits several
XTyl;y polymer considered, thg and-y processes obey an  differences with respect to the results observedTigi,;
Arrhenius law. The corresponding activation energigsg, polyamides: the first difference comes from the absence of a
andEg, are listed in Table 2, together with the activation transition in the low-temperature region, where the
entropies, ASg and AS,, calculated according to the transition of XT,l;_, polymers is observed, even in the
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Fig. 7. Dielectric loss tangent vs temperature for MT at different frequencies.
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Fig. 9. Dielectric losses” vs temperature obtained for 11 at 1 Hz and 10 ki®:(), experimental data; (—), (- - -), calculatBcpeaks using expressions (8)
and (9) with the following set of parametets:— &, = 0.13 E*= 606 kJmol', B, = 1.7 kJmol %, r, = 1.38x 10 ¥ 5.

experiments performed at high frequencies. The seconddistribution of correlation timesj(In 7), ¢’ and&” can be

point concerns the characteristics of the broad secondarywritten as [9]:

transition lying in the temperature range from100 to

+8C°C. 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 & _ e ll’('” TOT
=@-a) | fimding ®)

centered around-60°C, comparable to thg peak observed 7

at 1 Hz in thexT,l,_y samples. This contribution will be

denoted asB in henceforth. The high-temperature part A Gaussian distribution is often used [10—-12] as follows:

exhibits a broad shoulder in the temperature range from O

to 50°C. Curiously enough, the latter contribution is not win 7 ;{ In T—1In Tave) ] (6)

clearly observed in the dielectric traces recorded at higher f

frequencies, in disagreement with the expected shift towards

high temperature which is characteristic of an Arrhenius whereB is the distribution width. Such a function permits to
behavior. In this regard this second contribution is notice- e|ucidate the origin of the distribution of correlation times.

ably different from thew transition ofxT,l;_, samples. Indeed, using an Arrhenius expression for the correlation
In order to perform a more detailed analysis of both the time, 7 [12]:

low- and high-temperature contributions, we have first
looked for a precise description of thg peak at each E.
frequency. The simplest model that can account for the 7~ exp{ ]
secondary relaxation phenomena is based on a single corre-

lation time . Under this assumption, the real and imaginary it appears that the distribution efmay originate either from
parts of the permittivity are given by the following Debye a preexponential factor,, or from an activation energ.,

g=g,+ (& — SU)J fall 73_2 ddn 7) 4)

(")

expressions [9]: distribution. Three different possibilities can be considered:
I (& — &) @ 1. a 7¢ distribution only—then,y(In 7) corresponds to a
ET AT T 2R n(In 7o) Gaussian function with widtB; = B
2. anE, distribution only—theny«(In 7) corresponds to a
— (& — &) T 3) ¥n(Ey) Gaussian function with widtB, = BRT;
T+ @22 3. bothr, andE, distributions.
where g, and ¢, are the relaxed and unrelaxed values With the assumption of al, distribution only, theg peak

recorded before and after the transition, respectively. of MT can be calculated using the following expression:
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’®

wT(Ey)

T wne? 46 ®)

e |
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Fig. 10. Dielectric loss tangent vs temperature determined at 1 Hz for the different samples.

with sufficient to account for the intensity increase on increasing
ave. 2 the frequency. However, as shown in Fig. 9, such a distribu-
_ 1 _(Ea—Ea tion does not describe the width of the experime@tpkak.
(B ex 9 S \
Bov/m B, Therefore, arg distribution must also be considered. In such
a case, the different motional modes may not be solicited
w = 2xf (10) with the same efficiency at each frequency and-heistri-

bution may depend on the experimental frequency. In such a
E case, the calculation of thepeak is no more simple and we
(Ea) = 7o exp{ R_'T'] (11) have thus preferred the following approach.
Fig.10 shows the comparison of the dielectric loss

The best fit at 1 Hz was obtained by using the following tangents, ta@, determined at 1 Hz for theT,I,_, and
set of parameterss, — g, = 0.47, E2* = 62.0 kJ mol %, MT samples as a function of the temperature. All the
B, =9.9kImol?, 7r,=10'%s The B peak was calcu- XTyl;_y polymers exhibit the sanfepeak within the experi-
lated at the different frequencies using these parameters. ltmental error. Moreover, th@ peak of the MT polyamide is
was then subtracted from the experimental pattern observeddentical to thep peak ofxT,l;_, polymers in the low-
at the same frequency. Results thus obtained are shown irtemperature range, where the high-temperature contribution
Fig. 8. At each frequency, the calculatpgeak is in good does not interfere. Therefore, as a first approximationpthe
agreement with experimental data. The maximum of the peak of MT can be described by tigepeak of thexTl;
peak is located at the same temperature; the width andseries. Results obtained by subtracting ghpeak (after a
intensity of the calculated curve are systematically smaller 1.3 multiplication accounting for the observed intensity) of
than the experimental ones. Under these conditions, thexT,l;, polymers from the experimental dielectric loss
difference between the calculat@dpeak and the experi- tangent of MT are shown in Fig. 11. They point out the
mental trace points out the existence of an additional contri- existence of an additional contribution that does not depend
bution at each frequency that is observed in the sameon the frequency.
temperature range irrespective of the frequency. Therefore, As discussed above, the correlation time distribution
this additional contribution corresponds to a frequency- involved in the transition ofxTl;_, polymers is mainly
independent process. due to ar distribution rather than to a distribution of acti-

However, the above assumptions may not be entirely vation energies, the nature of the correlation time distribu-
satisfying in the case of the MT polyamide. Indeed, the tion is not elucidated in MT. The two decompositions
calculation used to represent tBeeak is based on a rather performed in this work allow investigation of the two pos-
broad (B, = 9.9 k mol') distribution of activation ener-  sible origins of the correlation time distribution, i.e. either a
gies. However, in all theT,l,_, samples investigated, for  distribution of activation energies org distribution. They
which the B transition is clearly separated from the other both lead to the same conclusion: the additional contribution
transitions, the intensity of th@g peak exhibits only a weak to the 3 peak observed at high temperature is frequency-
frequency dependence that implies that the activation independent. It can thus be assigned to a quasi-melting
energy of theB process has quite a narrow distribution. phenomenon. In principle, such a process could be detected
For example, in 11 (Fig. 9) 8, width of 1.7 kJ mol* is by DSC. Fig. 12 shows the DSC trace of MT, recorded at a
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Fig. 11. Dielectric losg” vs temperature obtained for MT at different frequencily; €xperimental data; (—), 13 peak lineshape; (- - -), difference trace.

10° min~! heating rate. A change in the slope is observed respectively, of the quasi-melting process are observed on
around 36C. It indicates the onset of an endothermic event the difference dielectric traces (Figs. 8 and 11).

whose maximum is around 8D. These temperatures are The relaxation map of MT is plotted in Fig. 13. Tige

the temperatures at which the maximum and end, transition obeys an Arrhenius law. Its activation energy and
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Fig. 12. DSC trace of MT.

entropy are listed in Table 2. The activation energy, is
very similar to the activation energy determinedinyl,
polymers for thed transition. On the contrary, the activation

2687

unit on one side and a rigid cycloaliphatic unit on the
other side. In addition, the 1.8T polyamide also possesses
a C=0 group, noted CQl, located between two
lactam-12 segments.

. COyomz1 groups, which are located between a flexible
lactam-12 or methylpentane unit and a phenyl, ring and
share some conjugation with the phenyl ring.

. COyom2 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 C: carbonyl groups
only. As its dielectric trace exhibits only one transition,
this B transition can be unambiguously assigned to the
motion of these CQyn: dipoles. This conclusion is mark-
edly different from the results derived for tReransition of
aliphatic polyamides. In humid aliphatic polyamides, fhe
transition is mainly due to amide groups that are hydrogen-
bonded to water molecules [9]. In carefully dried aliphatic

entropy determined according to Starkweather analysis ispolyamides, the amide groups that are responsible fopthe

quite low, indicating that thed transition of MT is less
cooperative than thg transition ofxT,l;_, polymers.

3.3. Assignment of the relaxations

In the copolyamides under study, the dipoles that are

relaxation are not hydrogen-bonded to other chains. They
may belong to short chains or chain ends [9,15,16].

The dielectric traces of 1l, LFly3 and 1T show &
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 G motions too.

responsible for the dielectric relaxations are associated These materials exhibit two other transitiong,and o,

with the G=0O groups of the amide functions. Due to the

which occur in very different temperature ranges. The two

quasi-conjugated character of the CO—NH bond, the amidekinds of carbonyl groups, which are not assigned yet, are

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 differesOC
groups can be distinguished:

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

4
3
log (f) 8
2_
1—.
0 —
R T R
3 4 5 610
I/Tmax

Fig. 13. Dielectric relaxation map of MT.

quite different: the CQ,m» group is conjugated with the
phenyl ring, whereas the Gg, is not. The existence of
some conjugation implies that the correlation between the
COg0m2 group and phenyl group is much stronger than the
correlation between the Gg, and its aliphatic environ-
ment. In addition, due to the proximity of the flexible
lactam-12 unit, the CE,, groups should exhibit a higher
mobility and their motions should occur at lower tempera-
tures than the Cg,,» motions. They andw transitions can
thus be assigned to the motions of G and CQrom.
carbonyls, respectively.

It must be noticed that bofh andw 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 £ groups,
which are next to a lactam-12 unit, more flexible than the
cycloaliphatic part, occurs at a lower temperature than the
CO,omz transition.

The dielectric behavior of 1.8T in the regionspandw
transitions is very similar to the behavior observed for the
1T I,y polymers, and, therefore, the assignment of these
two transitions to motions of the G@w and CQiomz
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 thdransition. It must be
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Fig. 14. Dielectric loss tangent vs temperature determined at 1 kHz for the different samples.

noticed that 1.8T possesses two kinds of aliphatic carbonyl —92°C, is clearly shown in the 1kHz difference trace
groups: in addition to the Cg, groups, situated between a  plotted in Fig. 15 with the 11 sample being taken as refer-
lactam-12 sequence and cycloaliphatic ring, similar to those ence. The same decomposition, performed at 100 Hz and
found in 1T, polymers, there are also Gfh, groups 10 kHz, leads to the determination of a 42 kJ mactiva-
located between two lactam-12 sequences, which benefittion energy and a 59 J K mol ! activation entropy. The
from a more flexible environment than the GE groups. latter value is significantly higher than the 12—15 J'inol ™*
Therefore one might be expected to observe fwelaxa- AS,, value derived for the 11, , polyamides. As
tions in 1.8T, one being identical to the transition of compared with the Cg),, motional process observed in
1T,l;_y polyamides and the other one at a lower tempera- the 1Tl,_, polymers, it indicates a more cooperative
ture, arising from the more mobile Gf. groups. character for motions responsible for thé contribution.
However, only oney relaxation is observed for 1.8T as Therefore, the increase in flexibility associated with the
shown in Figs. 10 and 14. At 1 Hz (Fig. 10), the only differ- larger amount of lactam-12 units is compensated by a larger
ence with the 1Jl;_, samples comes from a higher cooperativity.
intensity ofy relaxation. At 1 kHz (Fig. 14), the transition In aliphatic polyamides, they dielectric transition is
of 1.8T is not only more intense than thetransition of systematically associated with~amechanical transition,
1T I, samples, but it is also more spread out towards assigned to motions of the (G} sequences [9,17-19].
the high-temperature side whereas the onset of the transi-As will be shown in a forthcoming paper [1], these (gH
tion, in the low-temperature part, is unchanged. This result sequences are also likely to be involved in the
shows the existence of an additional contribution, denoted transition of aryl—aliphatic copolyamides. The activation
~v', occurring at a higher temperature than thefxProcess energies derived for they process in polyamide 12
of 1T I,y polymers. Thisy’ contribution, centered around (28.1kJmolY) [20] and polyamides 3 and 4
(33.4 kJ mol'?) [21] are in good agreement with the activa-
tion energy calculated for the process in the present work

30x10° (31-33kJ mol'). On the contrary, the temperatures at
25 which the maximum of they dielectric transition is

tans observed at 1Hz on several aliphatic polyamides [20]
20 (Table 3) are higher than those observed farl;
15 polymers. They are quite close to the temperature

(=92°C) corresponding to the maximum of the high-

10 M temperaturey’ contribution occurring in 1.8T. This result
5

0 Table 3
-150 -100 -50 Temperatures at which the maximum of thedielectric transition is
Temperature (°C) observed at 1 Hz on several aliphatic polyamides [20]
. . . . Polyamide PA-6 PA-6,6 PA-6,10 PA-12
Fig. 15. Dielectric loss tangent vs temperature determined at 1 kHz for 1.8T Temperature°C) —73 —96 —g7 —78

(x)and 1l @); (—): difference trace.




F. Beaume et al. / Polymer 41 (2000) 2677—-2690

Table 4

Areas (%) under th@ andv transitions and efficiency factors determined at
1 kHz

Polyamide v area (%) B area (%) (es/ey)

1l 16.0 84.0 5.25
1To7Aos 16.1 83.9 5.21

1T 16.2 83.8 5.17

1.8T 21.7 78.3

is consistent with the fact that Gy, groups, just as €0
groups of aliphatic polyamides, are situated between two
flexible (CH,), sequences. Therefore, in the present work,
the low-temperature part of the peak, observed in all
XTyl1-, samples under study, can be assigned to,tO

modes possibly enhanced by the methylene motions of the.

flexible sequence. The high-temperatyfecontribution in
1.8T is assigned to C{n, motional processes with a spatial
scale larger than the G§, 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 bysheepen-
dences, are directly related to the dissipated energy [9].
Contrary to tard, ¢” 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 thg andp processes. As shown in Table 4, the
v transition accounts for 16—16.2% of the total area in
1T Iy polymers. In 1.8T, they and v’ transitions
contribute to 21.7% of the total area.

The relevant parameter is the dipole density

NAV

Ni =X,d M

12

whereN,; is the density of a given dipole X the number of
dipolesi per repeat unitd the polymer densityN,, the
Avogadro constant and the molecular weight of the repeat
unit. Results listed in Table 5 show that the g@Qdensity is
constant in 11, _, series, as well as the relative area below
the y transition (16—16.2%).

The relative area under a given relaxati@an be written
as the product of the corresponding dipole densityby an

Table 5
Density and dipole densities for the different samples

2689
efficiency factorg:
N N
Y%y area= thal = T 13
Nyey +Ns&s N, + Ny =2
Ngz € N
% area= A = e (14
Ne€s +Ny& N, + N":z,

The e;/e, ratios, determined from areas under transitions,
are given in Table 4 for 1T, _, polymers. They do not vary

in 1Tyl,_, series. As, in all these materials, the &
groups have the same environment, and, therefore, the
same motions ane, factor, this result indicates that the
g factor describing the efficiency of the GEh, 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 CQ,n1units. This conclusion implies
that either the motions of C{: groups and phenyl rings
are uncorrelated or the local dynamics of the phenyl rings is
independent of the position of the substituents. This
guestion will be addressed in a forthcoming paper using
high-resolution solid-stat*C NMR experiments [1].

By using an efficiency ratieg/e, of 5.20, taken from
results listed in Table 4, one can calculate relative areas of
25.7 and 74.3% below the + v’ andp 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, the+ v contribution
in 1.8T appears to be characterized by the sajfiector that
governs they relaxation of 171,y polymers.

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

&gy + 2)? 41TN[.L2
2 + &, 9KT

Ae = (15
whereN denotes the number of monomeric units per unit
volume andu 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

Polyamide Density (g cfit) X0y 1077 X Neo,, (dip m™%) Xco,,, 10%" x Nco,,,(dip m™3)
11 1.055 1 1.125 1 1.125
1Ty Ao 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
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Table 6 12 or methylpentane sequence, whereas dipoles responsible
Experimental and calculated dielectric strengllz, of the B relaxation, for the o transition are bound to a rigid cycloaliphatic

. . _ _ —30
using the Onsager expressin/= 2.4D andD = 3.33564x 10 moiety. TheB relaxation of thexT,l;_, polymers has a
Polyamide e, € Experimentalle  CalculatedAs 60—70 J K> mol ! activation entropy that corresponds to

motions with some cooperative character.

u 28028 S 5088 0502 1842 The o transition is a very broad, ill-defined transition
1Toros 2970 3494 0.524 2009 which could not be studied in detail. In addition to these
T 2981 3486  0.505 1.941 .

1.8T 2878 3359 0481 1.438 secondary relaxations, the MT polymer exhibits a
frequency-independent phenomenon, located aroufd.30

In agreement with the DSC results, it has been assigned to a
quasi-melting process.

[5,22,23]. Results obtained according to Ref. [5] by assum-
ing that all the CQ,m; 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 Acknowledgements

be due to the fact that only a fraction of £ dipoles are

flipping. The ratio of the experimental dielectric strengthto It is a pleasure to acknowledge ELF-ATOCHEM, France
the calculated one is of the order of 0.3, independent of the for its interest in the study and financial support of one of us
XTyl1_, polymer investigated. This result is consistent with (F.B.).

the fact that the3 relaxation exhibits the same efficiency

factor in all these samples.
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