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Abstract

Eight amorphous, thermoplastic aromatic poly(ether)s and poly(ether ketone)s, some containing fluorine, were investigated by dielectric
relaxation spectroscopy over the frequency range 20H¥0and the temperature rangel30—300C. For the polymers containing per-
fluorophenylene units, three relation processes were observed; one corresponding to the glass areaiation), and a further two sub-

T4 secondary proces${ and y-processes). For polymers without perfluorophenylene unispeocess was not detected. The Suyp-
transitions followed Arrhenius behaviour and were sensitive to polymer structure and chain flexibility. The sub-ambient relaxation exhibited

a strong dependence on absorbed moisture. The polymers containing perfluorophenylene units showed a significant decrease in dielectric
permittivity at 100 kHz and this was attributed mainly to a reduced electronic polarisabilityy-Félaxation strength of the perfluorinated
polymers, which arises from dipolar motions, was also redu€et®98 Elsevier Science Ltd. All rights reserved.

Keywords:Fluorinated polymers; Dielectric relaxation spectroscapyelaxation

1. Introduction fluorine substitution pattern is symmetric) and increases the
hydrophobic character of the polymer [4]. Studies on aro-
Aromatic thermoplastic polymers are generally charac- matic polyimides and partially fluorinated aromatic polyi-
terised by excellent thermal, mechanical and electrical prop- mides have shown that moisture absorption and dielectric
erties, and can be melt processed into a wide range ofconstant are directly related to the total imide content of the
articles [1]. Such polymers are commonly used to insulate polyimide [5]. Dielectric constants as low as 2.7 (at 10 kHz)
current carrying cables due to their relatively low dielectric and equilibrium water uptake as low as 0.7 wt% were
constant and processing characteristics. In the electronicsachieved by fluorinating both dianhydride and diamine
industry, however, the small size-scale of components andunits, and these minimum values were obtained with
the desire for faster signal processing is placing greater 20 wt% fluorine. The pattern of fluorine substitution is
demands on the properties of polymer dielectric interlayers, important in determining the dielectric constant since the
such that insulators are required with dielectric constants dipole orientation increment due to asymmetric substitution
below those achievable with conventional thermally stable is often large enough to overcome the decrease in electronic
polymers [2]. Polyimides have proved good candidates for polarisation caused by the fluorine, and it has been shown
use as dielectric materials in these applications as a result otthat the primary factor in reducing the dielectric constant is
their ease of processing from solution, high thermal stability the elimination of water from the polymer [4].
and good electrical performance. The fluorination of these  Qualitatively similar results have been reported for fluori-
polymers affects a number of properties, e.g. moisture nated thermoplastic poly(ether)s and poly(ether ketone)s
absorption, optical properties and dielectric constant [3]. containing hexafluoroisopropylidene (HFIP) and perfluoro-
The glassy state dielectric constant is lowered since the phenylene units [6,7]. The amorphous nature of these poly-
incorporation of fluorine increases the fractional free mers renders them soluble in aprotic solvents and allows for
volume, lowers the electronic polarisability (providing the film casting from solution. These polymers are being inves-
tigated as candidates for micro-electronic applications, as
" Corresponding author. the absence of polar imide groups and presence of

0032-3861/98/%$ - see front matt€r 1998 Elsevier Science Ltd. All rights reserved.
PIl: S0032-3861(98)00388-7



1516 A.A. Goodwin et al./Polymer 40 (1999) 1515-1524

symmetric substituted fluorine leads to a reduction in water relaxation strengthAe, with ambient permittivity,e’, and
uptake to 0.1 wt% with a corresponding decrease in the it is worth noting the differences between the parameters.
room temperature dielectric constant to around 2.5. Relaxation strength is estimated by fitting a suitable func-
In this paper, we report the dielectric behaviour of a series tion to isothermal loss data to obtain values of the relaxed
of non-crystallising aromatic poly(ethers)s and poly(ether and unrelaxed permittivity which are not accessible within
ketone)s containing cyclic 2biphenyl, HFIP (6F), per-  the experimental frequency range. This procedure is per-
fluorophenylene and oxadiazole groups, to learn of the formed on data obtained at temperatures above the glass
effects of fluorination and chemical structure on dielectric transition temperature and is thus dominated by dipole
properties over a wide temperature range. The dielectric orientation polarisation. Ambient permittivity for glassy
parameters obtained within therelaxation region will be polymers is, on the other hand, a single low frequency mea-
compared with those obtained from ambient temperature surement which is considered to be mainly due to electronic
studies and will be discussed in terms of electronic and polarisation, since dipolar units are mainly immobile in the
dipolar polarisability. The secondary relaxation behaviour glass state. It should be noted, however, that some authors
of these polymers will also be reported. considere’ to also consist of contributions from atomic and
dipole orientation polarisation. This would indeed be the
case for those polymers which possgsand 3 processes,

2. Experimental I
e.g. polyimides.

2.1. Materials 3.1. Electronic polarisation

Details of the synthetic methods used to prepare the poly-
mers can be found elsewhere [8]. Weight average molecular
weights varied between 38000 g/mol and 102000 g/mol
with polydispersities in the range 2.1 to 3.0 [9]. Tough,
transparent films for analysis were prepared by solution
casting or compression molding, and scanned by d.s.c. to
determine the glass transition temperature. Polymer struc-
tures are shown in Fig. 1.

Table 1 presents the dielectric permittivity/, of each
polymer measured at 100 kHz and’@5 Prior to each mea-
surement, the sample was thoroughly dried under vacuum to
lessen the influence of absorbed moisture on the permittiv-
ity. Since all the polymers have glass transition tempera-
tures greatly in excess of room temperature, we make the
assumption that dipolar motions are severely restricted and
that the measured value ef arises from the electronic
polarisation of the sample. We can see by comparing the
data forl with 2 and3 with 4, that hexafluoro substitution of
the cyclic biphenyl group results in a modest decreagé, in
but that values remain above 3. If we then compangth 7
and 2 with 8 we see that incorporation of perfluorinated
groups reduces the permittivity to values below 3.0. How-
ever, while the trend ir’ with weight percent fluorine is
generally decreasing, it is not perfect. This is because of
other structural features which influeneé and make
exact comparisons difficult. For example, althougtihas
the highest fluorine content of 43%, it has the highest per-
mittivity (2.61) amongst the perfluorinated polymers. The
cause of this may be the absence of the polar carbonyl unit
which would otherwise restrict electron motions. Polyi&er
which has a fluorine content of 24%, shows the lowest
recordede’ value of 2.10, and it is worth noting here that
St. Clair et al. [10] have reported that the incorporation of

was accomplished with PeakFit 4.04 software (Jandel Scien-Pulky side groups, in addition to fluorine-containing mono-
mers, is an effective method for reducing chain-to-chain

tific) which utilises the iterative Marquardt—Levenberg fitting electronic interactions and ambient polarisability. Compar-

algorithm. The confidence intervals for the model parameters. e
were determined at the 95% limit and a graphical pre-fitting isons between the observed permittivitydand4 and the

. - . other polymers is also difficult since both contain a polar
method was used to manipulate the fitting function on the ~ . . . .

. . o oxidiazole unit. In addition to the potential effects of che-
screen to match the experimental data prior to fitting.

mical structure and water content on electronic polarisation,
there is also the possibility of changes in free volume occur-
3. Results and discussion ring with changing structure influencirg and although we
have made no attempt to alter our data to account for this
In this section, we will compare values of dielectric factor, other authors have reported a correlation [4].

2.2. Dielectric relaxation spectroscopy

Dielectric relaxation data were obtained using a Polymer
Labs DETA system which incorporated a parallel plate cell
arrangement and computer-controlled furnace. To ensure
good electrical contact between the electrodes and sample
the polymer films were sputter coated with a thin layer of
gold. The main parameters of interest were dielectric con-
stant,e’, and dielectric lossy”, which were determined over
the frequency range 20-16iz at temperatures between
—13CC and 300C. Experiments were carried out in both
temperature scanning and isothermal modes in an inert
atmosphere of nitrogen gas.

2.3. Curve fitting

Non-linear least-squares fitting of the dielectric loss data
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Fig. 1. Chemical structures of aromatic poly(ether)s and poly(ether ketone)s.

3.2. a-relaxation comparison of the dielectrig-relaxation results for all sam-
ples is shown in Fig. 3 as a plot of the temperature depen-
d.s.c. and dynamic mechanical glass transition tempera-dence of log7, where log 7 = 1/2xfa Where fa
tures are listed in Table 2. The relationship betw&gand corresponds to the temperature of the peak maximum. The
polymer structure in these materials has been briefly dis- frequency and temperature location of the loss peaks shows
cussed previously [9] and it is of note to report that the slight good agreement with those previously measured using
relative decrease iy of the polymers containing perfluor-  dynamic mechanical analysis [9], as can be seen in Table 2
ophenylene substitution is consistent with previous studies where the glass transition temperature of each polymer,
on fluorinated polyimides [11], and probably arises from a measured by three different techniques, is listed. The varia-
combination of both fluorine-induced increase in free tion in Ty with technique for individual polymers is
volume and decrease in the strength of inter-chain interac-accounted for by the different effective frequencies of mea-
tions. The temperature dependence of dielectric los6 of surement. Although the temperature dependence of the
and7 scanned at various frequencies is shown in Fig. 2. The relaxation time exhibits the usual curvature associated
relatively strong peak ir” corresponds to the glass transi- with the dynamics of thex-relaxation, we can make an
tion, and this is preceded in both cases by a low intensity, approximate comparison of the activation energy for the
broad transition, this being more prominent & A glass transition process by fitting the data to the Arrhenius

Table 1
Dielectric permittivity,e’, of poly(ether)s and poly(ether ketone)s measured at 100 kHz & 25

Polymer 1 2 3 4 5 6 7 8

'

€ 3.20 331 3.04 3.19 2.61 2.30 2.38 2.26
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Table 2
Glass transition temperaturéCj of poly(ether)s and poly(ether ketone)s measured by different techniques
Polymer d.s.cTy Dynamic mechanical y(1 Hz) DielectricTy(1 kHz)

1 159 173 196
2 234 249 266
3 192 206 210
4 267 282 300
5 167 182 190
6 248 262 269
7 149 160 184
8 216 236 261

d.s.c. and dynamic mechanical values are taken from Ref. [9]

equation. Activation energy values between 4500 =+ broadness parameter. The temperature dependence of the
35 kJ/mol were found, but no clear trend between polymer isothermal relaxation broadness as described by the KWW
structure and rotational barriers was apparent from theseparameter is shown in Fig. 5, in which the isothermal tem-
data. The high values of activation energy are due to the perature is normalised by subtracting the d.$gvalue to

rigid aromatic nature of the polymers. Isothermal dielectric account for the different glass transition temperatures. The
studies were also carried out at a range of temperatures, andpectral broadness does not vary as a strong function of
a typical result is shown in Fig. 4 fdr. The steep upturn at  temperature for any of the polymers, which is in good agree-
low frequencies is caused by ionic conduction and can be ment with a previous study on poly(arylene ether)s with
subtracted from the dielectric loss due to dipole motions as similar structures to those studied here [15]. In that study,
previously described [12]. The latter can be fitted to the the authors used the Havriliak—Negami expression to obtain

Havriliak—Negami equation [13] given by: the distribution of relaxation times which were found to
(& — ) vary by only a few percent for polymers containing various
€* =¢+ [+ ()" (1) bisphenol and phenolphthalein units. Such small differences
in the values were attributed to the structural similarity of
where €, — €,) = Ae is the relaxation strength, arfdanda each polymer. By contrast, the valuesgoih Fig. 5 show a

represent transition broadness and skew, respectively. Thesignificant variation between polymers, although the data do
loss curves can also be fitted to the Kohlrausch—Williams— not point towards a simple, empirical relationship between
Watts (KWW) function [14]: polymer structure and relaxation width.

(1) = expl — /) ) Fu et al. [15] also used an empirical model to investigate

where 7 is a characteristic relaxation time amgl is a
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177C; () 18CC. Solid lines are summation of conductivity and dipolar

loss. Dashed lines are fits to Havriliak-Negami equation. time/temperature dependence is closely related to the extent

the inter-molecular and local Segment dynamiCS’ and this of inter-molecular COOperatiVity which in turn is related to
showed that polymers containing HFIP units experienced a chemical structure. Generally, polymers with rigid, inflex-
greater extent of inter-molecular coupling as well as greater ible backbones experience a greater coupling of segmental
hindrance to the local segment motions. To investigate this motions and this leads to steeper cooperativity plots. Fig. 6
further in our systems, we plot log (relaxation time) against compares the cooperativity behaviour of a smooth polymer
the inverse of the experimental temperature, normalised bybackboneZ) with that of a more rigid structure containing a
the calorimetric glass transition temperature, ¥&nd8 to cyclic biphenyl unit in addition to perfluorophenylene units
give the cooperativity plot shown in Fig. 6. It has previously (8). Polymer 1 exhibits Arrhenius behaviour, while the

been shown for many po|ymers [16] that the steepness of therelaxation time behaviour d is CUrved, which indicates
the increased cooperative nature of segmental motions.

Coupling in this polymer would be expected to be reason-
ably strong due to the bulky cyclic biphenyl group which
05 - would create a significant amount of steric hindrance
A A o} amongst neighbouring chains. In general, it was found that
O o the polymers containing cyclic biphenyl were more coupled
than those without, and that the steepness of the cooperativ-
Cm ity plot was largely unaffected by the presence of aromatic
o " fluorine. Another measure of coupling relates to the broad-
ness of the relaxation process, since this can be related to the

- greater range of environments in which segmental motions
v/././c/""/f occur. This can be quantified by the parametewhere a
smaller value of3 is associated with greater broadness and

0o 4 hence coupling. For the polymers studied here, the
m] broadness of thev-relaxation shows no correlation with
the steepness of the cooperativity plots, and it is currently
unclear as to why this should be.
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5. [17], which take into account the short-range orientation
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the difference in relaxation strength may in part be due to
structure-induced changes in the electronic state of the poly-
mers, e.g. dipole—dipole and local field interactions along,
and between, polymer chains, as well as to changes in the
relaxation behaviour of the polymers through fractional free
volume and steric hindrance effects in the rubber state.

3.4. B-relaxation

A sub-T, process which occurs above room temperature
has been frequently observed in rigid, aromatic polymers,
e.g. polyimides, and its origin has been attributed to numer-
ous mechanisms. Arnold et al. [19,20] used dynamic
mechanical analysis and computer simulations to study a
number of polyimides, and concluded that tBgrocess
in unoriented films was due to non-cooperative motions in
uncrystallised diamines involving the whole unit. With
increases in crystallinity and orientation, these motions
became more cooperative. The involvement of the dianhy-

dride aromatic imide rings in th@-process with motions in
the kHz region has been established by dynamic mechan-
ical, dielectric and solid staté’C n.m.r. studies [21]. In
aromatic thermoplastics, e.g. poly(ester amides) and poly(-
correlations between a reference molecule and its nearesamides),3-processes which have been observed by both
neighbours. Fig. 7 shows the temperature dependence of thelynamic mechanical and dielectric techniques around and
relaxation strength for each polymer around theelaxa- below room temperature have been assigned to motions
tion region. In general, the value afe decreases with  involving bound water which has formed hydrogen bonds
increasing temperature beyond the glass transition, whichwith the amide groups [22] and to motions of non-hydrogen
is in line with the predictions of Kirkwood. The initial bonded amide groups [23]. This transition is in addition to a
increase in relaxation strength fand6 arises because of  y-transition detected at lower temperatures.

the influence of the sulby -transition which is present in The dielectric data for the polymers shown in Fig. 2
the spectra of the polymers containing aromatic fluorine. At reveal two relaxations which can be more clearly separated
temperatures below the glass transition temperaturegthe into distinct processes by introducing a temperature-depen-
process relaxes with a relatively small intensity which dentterm into the HN expression for the higher temperature
increases as the glass transition is scanned and large-scala-process, and into the Fuoss—Kirkwood (FK) expression
segmental motions are relaxed. According to Williams [18], for the lower temperatur@-process. This is achieved by
the dielectric relaxation behaviour of amorphous polymers allowing the relaxation time to vary according to the WLF
occurs by partial reorientation (stify-process) and total  equation. The FK expression is given by:

reorientation ¢-process) of a representative dipolar repeat f

unit. The total dielectric strength is given by the summation €” = €"masechmin ”;ax (3)

of the relaxation strength of each individual process. Fig. 7

shows a qualitatively similar trend to that seen in Table 1, in wheref is the frequency of measurement amds a para-
that the polymers containing perflurophenylene units pos- meter ranging from 0 to 1 which characterises the sym-
sess reduced-relaxation strength. The very lowest values metric broadness of the relaxation. The results of this
of Ae, exhibited by5 and6, compared with the values fdr ~ procedure are presented in Fig. 8 which showsgHteansi-
and2, are caused by the removal of the polar ketone linkage. tion in both cases to be broad and of low intensity. From
Polymersl and 3 have very similar values, whilg and4, isothermal data, average values of the relaxation broadness,
which both contain a cyclic biphenyl group, relax with sig- using the HN function, were obtained férand6 equal to
nificantly lower intensity, particularly in the case4fPoly- 0.45 and 0.34, respectively, which confirms the increased
mers 7 and 8 both relax with much lower intensity, broadness of thg-process, compared with theprocess. It
compared with their non-perfluorinated analogtesnd?2. is interesting to note thag-relaxation was detected only in

In seeking reasons for the observed behaviour, we shouldthose polymers containing perfluorinated aromatic rings, i.e.
rule out the possibility of changes in the magnitude of the 5-8. Previous dynamic mechanical studies on these poly-
permanent dipole moment due to fluorine substitution, since mers produced similar findings, with a relatively lower
it is well known that this occurs only in the case of asym- intensity3-process being detected [9], and a weak dynamic
metric incorporation of fluorine. It is worth speculating that mechanical transition located around 100was also

Fig. 7. Temperature dependence of dielectric relaxation strer@}ii; (O)
2,(00) 3; (M) 4; (A) 5, (2) 6, (V) 7, (V) 8.
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reported for a fluorinated poly(aryl ether) witfTgof 250°C
[24]. The conclusion to be drawn from this is that the aro- increases from 15C for5to 186'C for 6 presumably due to
matic fluorine units are at least partly responsible for the the large cyclic biphenyl group slowing the motions respon-
occurrence of this transition, and that although the process issible for the process and leading to a requirement for more
both mechanically and dielectrically active, the greater thermal energy for the process to become kinetically acti-
strength is in the dielectric spectrum. It is unclear as to vated at any given frequency. When a flexible ketone link-
why the presence of perfluoro units should give rise to an age is added t®, the rate of relaxation increases and the

additional relaxation process, since previous studies on the
dielectric behaviour of fluorinated polyimides suggest that
additional dipole orientation processes occur only when the
fluorine is substituted in an asymmetric manner [11].
Another significant effect attributed to the presence of fluor-
ine is the reported increase in both steric hindrance and free
volume, and this may have some connection to the observed
B-process, particularly when the significant effect perfluoro
substitution has on the molecular polarisability is
considered. The presence of large substituted groups can
also facilitate ag-relaxation, as reported by Han et al.
[25] in a dynamic mechanical study of a non-fluorinated
polyketone containing phenolphthalein linkages. This is in
contrast to the relaxation behaviour of the more common
poly(aryl ether ketones), e.g. PEEK, which do not show
above-ambienf3-relaxations when investigated by either
dielectric or dynamic mechanical techniques.

The frequency dependence of therelaxation was
plotted in an Arrhenius manner, as shown in Fig. 9, and
from which the linear behaviour, which is usual for stp-
processes, was used to calculate an apparent activation
energy, AE,. The values for5, 6 and 8 are listed in
Table 3, along with an estimation of the peak position at
1 kHz of theB-process of each polymer. The peak position

Log(f,../H2)
w

1
0.0020

0.0022

0.0024

T T

0.0026 0.0028 0.0030

Temperature/K

Fig. 9. Arrhenius plot of data frorg-relaxation region.@) 5; (@) 6; (M) 8. Solid lines are fits to Arrhenius equation.
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Table 3 n.m.r. and dynamic mechanical study proposed a two-
B-peak location and apparent activation enewyiac (kJ/mol), for poly- stage mechanism for the-transition [28]; the first stage
mers containing perfluorophenylene groups involving motions of water molecules which is then fol-
Polymer Peak location AE lowed by coupled motions of the polymer chains. In many
: 150 154s 8 instances, they—transit.ion is biqua}l in nfature_ with both
6 186 112+ 3 components undergoing a loss in intensity with decreases
7 125 - in relative humidity [29]. Further evidence of the influence
8 90 99+ 5 of absorbed solvents is given in a dynamic mechanical study

of PEEK in which the sub-ambient secondary relaxation is
significantly changed when the polymer is exposed to water
peak thus shifts to the much lower temperature €90 he and simple alcohols [30]. The authors state that new relaxa-
B-process of merges with thex-relaxation at relatively low  tion processes occur as a result of motions of the solvent
frequency and cannot be separated from d¢heelaxation molecules, which are hydrogen bonded to the PEEK chain.
above 250 Hz. The apparent activation energy for the pro- It is not clear, however, if this produces a change in the
cess varies from 154 8 kJ/mol for5to 99+ 5 kJ/mol for8 underlying secondary motions of the PEEK backbone. The
and is lowest in the polymer containing a ketone linkage, issue of over what length scale theransition operates has

and hence both peak position and apparent activation energyoeen addressed in a dielectric study of model aromatic com-
indicate the important role played by the flexibility of the Pounds and related polymers by Schartel and Wendorff [31],
chain and size of the substituted groups in the kinetics of the from which it was concluded that sub-ambient secondary
B-relaxation. The values afE . are typical for g3-process relaxations in aromatic polymers are associated with inter-
and can be compared with 100—130 kJ/mol for polyimides and intra-molecular motions on a length scale equivalent to

[26] and 190—210 kJ/mol for aromatic polyamides [23]. @ single repeat unit.
Fig. 10 shows the temperature dependence of dielectric

3.5. y-relaxation loss in they-relaxation region fod and6 at a frequency of
1 kHz. Due to problems caused by moisture condensing

Sub-ambient secondary relaxations in rigid aromatic onto the dielectric apparatus at low temperatures, these
polymers are agreed upon by many authors to be associatedvere the only polymers for which satisfactory and quanta-
with phenyl ring motions [26], and to be influenced by water tive data were recorded, although-rocess was observed
content, ageing history and morphology [27]. A proton in all polymers. The influence of water on sub-ambient

Peak location was taken at 1 kHz for6 and8, and at 250 Hz foi?

0.020 —

0.015

0.010

Dielectric loss, ¢"

0.005 [~

Temperature (OC)

Fig. 10. Temperature dependence of dielectric logstimnsition region.@®) 1[dry]; (O) 1 [wet]; (OJ) 6 [wet]. Solid line is fit to temperature-dependent Fuoss-
Kirkwood equation.
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Table 4
Fuoss-Kirkwood analysis df (‘wet’) in y-transition region
T(°C) —70 —66 —63 —60 -57 —54 -50
Ae 0.14 0.13 0.13 0.14 0.13 0.13 0.15
m 0.29 0.33 0.34 0.30 0.31 0.32 0.31

Ae is dielectric relaxation strength amdis broadness parameter

relaxations is immediately apparent from a comparison of of mequal to 0.25. Good fits to the Arrhenius equation were
the spectra forl which were recorded on ‘wet’ and ‘dry’  obtained as shown by Fig. 11 and the valueaBbf. were
samples, respectively. Wet samples are defined as thosé&4 + 2 kJ/mol and 67+ 2 kJ/mol for the ‘wet’ and ‘dry’
which have been equilibrated in a typical ambient labora- samples, respectively. These results are in line with those
tory atmosphere, while dry samples are defined as thosereported by Jonas and Legras [27], who demonstrated that
which have been heated above Tyeand then cooled within ~ water acts as a plasticiser for the sub-ambient relaxation
the dielectric cell in a dry, inert atmosphere. That the transi- process in PEEK by decreasing the temperature location
tion is still present in the ‘dry’ sample, albeit with a much and activation energy of the process and increasing the
reduced intensity, is probably due to the difficulty in remov- intensity. These effects are observed in both dielectric and
ing all traces of water due to the rigidity of the polymer dynamic mechanical spectra. The data @omwhich were
chains. Isothermal studies in this temperature range wererecorded for a ‘wet’ sample, again highlight the effect of
also conducted and the data were fitted to the Fuoss—water on the intensity of the process. The much lower
Kirkwood equation to give values ofi and A¢, as shown relaxation intensity o6, compared withl, may be due to

in Table 4. The much lower intensity of the relaxation pro- the fact that when immersed in water at room tempera€ure,
cess, compared with thg anda-process, can be seen inthe absorbs an equilibrium value of 0.13 wt% of water com-
values ofAe which are quite independent of temperature at pared with 0.55 wt% absorbed Wy This large difference
0.13-0.15 for the ‘wet’ sample and are reduced to an aver-in water uptake confirms the greater effectiveness of aro-
age value of 0.07 for the ‘dry’ sample. These values can be matic fluorine substitution in reducing polarisability and
compared with an aromatic polyamide with an equilibrium increasing the hydrophobic nature of the molecule.
water content of 5.3 wt% (which is approximately 10 times Although there is also the possibility that the different inten-
the equilibrium amount absorbed Ky and a relaxation  sities arise from the changing chemical structure, which
strength for they-process of 0.50 [23]. The ‘dry’ sample results in different relaxation mechanisms being responsible
also has a broader relaxation as shown by an average valudor the y-process in each polymer, it is more likely that the

5

Log(f,,.../H2)
w

1 T T T T T
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Fig. 11. Arrhenius plot of data from-relaxation region.®) 1 [dry]; (O) 1 [wet]; (M) 6 [wet]. Solid lines are fits to Arrhenius equation.



1524 A.A. Goodwin et al./Polymer 40 (1999) 1515-1524

water content is the most important factor, as has beensuch conditions, it could make a significant contribution.
reported in many previous studies. The fact that the relaxa- The a-relaxation strength of the polymers, which gives an
tion peak temperature @ is located at a slightly lower indication of the dipole orientation polarisability, was also
temperature compared with( — 75°C and — 65°C, respec- lowest in those polymers containing perfluorophenylene
tively) and has a lower value &fE,y equal to 29+ 1 kJ/ units. It was speculated that structure-induced changes in
mol, could be attributed to the relative increase in free the electronic and conformational structure of the polymers
volume and reduction in chain—chain interactions resulting were responsible for these observations.

from the presence of perfluoro units. As has been discussed

earlier, these effects are of sufficient magnitude to cause a
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