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Abstract

Semi-empirical molecular orbital calculations and dielectric measurements have been conducted on DPE and DPK molecules and on
PEEK films containing these molecular units. The calculations were performed using a modified-CNDO/2 method allowing us to take into
account the van der Waals impenetrability zone of the electronic corona of the aromatic rings. From the analysis of the relative energy maps,
it is shown, amongst other things, that the most probable route for a molecule to move is through gear rotations. The DPE molecule is also
found to move more easily than the DPK molecule. Measurements of the dielectric permittivity and of the refractive index were not possible
for the DPE molecule in benzene solution due to its low dipole moment, this being confirmed by theoretical calculations. For the DPK
molecule, an experimental mean value of 3.15 D is foundifoompared to a calculated value of 3.35 D. The analysis of the dissipation
factor isochronal curves shows that the activation energy for the DPK molecule is largely dependent on its concentration in benzene. In the
case of PEEK, two relaxations are seen-al06°C and — 73°C for a frequency of 1 kHz. A parallel is drawn between isolated molecules of
DPK in solution and DPK units that are distant from each other in a polymer chain, and between aggregated molecules of DPK in solution and
DPK units that are close together in entangled chains. It is finally shown that the DPK molecular unit in a macromolecular chain is only able
to reach the permitted conformations in low energy valleys, corresponding to gear rotation moti®89 Published by Elsevier Science
Ltd. All rights reserved.
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1. Introduction A B-relaxation is also observed through mechanical and
dielectric spectrometry in PEEK; this relaxation is spread
Polymers based on oxy—1,4—phenylene and carbonyl-1,4—over the — 100 to + 100°C range. In particular, it has been
phenylene repeating units (poly aryl (etHefetone)) are shown that the maximum of the dissipation factor tan
now found to be widely used as thermoplastic matrices for occurred at higher frequencies and lower temperatures for
advanced composites [1]. One of the most well known poly- dielectric measurements. In this case, the value of the activa-
mer of the series is the semi-crystalline poly (ether—ether— tion energy was nearly twice as small as in the case of mech-
ketone) (PEEK) which is characterized by a good impact anical analysis [6]. The conclusion of the work was that the
behavior and a high solvent resistance conjugated with highdielectric relaxation represents a high-frequency, low-
values for the glass transition temperature {C)4nd for the temperature component of a broader distribution of motions
melting point (338C) [2,3]. A lot of work dealing with the as observed by mechanical studies. Thus, the dielectric
subglass relaxations of PEEK and with the conformations of relaxation is thought by the authors to reflect the highly-
its repeating units has been done in the past few years. localized non-cooperative motions of small chain fragments,
A low-temperaturey-relaxation has been revealed in while the mechanical relaxation encompasses a wider range
PEEK by mechanical [4]€155C at 7 Hz) and dielectric ~ of segmental motions of a more cooperative nature.
[5] (—13CC at 400 Hz) spectrometry analyses. Highly- Recent reports [3,7,8] show that theaelaxation in PEEK
localized wagging of polar bridges has been associatedcould result from the superposition of two processes.@he
with this relaxation [5], and it was thought that thkenotions process could involve local intrachain motions (simple
progressively transform ini®-motions at higher temperatures. motions of the phenyl rings around the 1,4 axis) whereas
the3, process seems to be correlated with local chain align-
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of PEEK, although simple motions having different activa- to rotation in these polymers were found to be 4 kcal.rhol
tion energies are not excluded [8]. for both ether and ketone linkages.

Semi-empirical (MNDO) [9,10] and ab initio [11-14] A conformational analysis of DPE and DPK by means of
optimizations have been conducted on molecular conforma-CNDO/2 has been recently published by some of us [18].
tions of diphenyl ether (DPE) and diphenyl ketone (DPK). The computations were first run disregarding electronic
Semi-empirical molecular-orbital calculations by CNDO interactions and steric effects, then introducing them in
(Complete Neglect of Differential Overlap) of molecular the calculations using a modified CNDO/2. The absolute
units of PEEK [15] (DPE,DPK and the repeating unit minimum energy conformers were shown to have torsional
EEK) showed that the activation energies associated with angles {4, 6,) = (30°, 150) for DPE and {4, 0,) = (7C,
isolated crankshaft motions are consistent with the dielectric 117) for DPK, the mobility of DPE being greater than that
results of Starkweather and Avakian [6] where the activa- of DPK. Considering the polymer chains of some poly
tion energy was ca. 10 kcal.mdlin PEEK. It was also (ether) (ketone), the DPE molecular units were then
demonstrated [15] that the ether—ether phenylene ring hasexpected to be more mobile than the DPK ones in regions
a high probability to lie in the PEEK backbone plane, con- of local motions and for equivalent steric effects.
trary to the ether—ketone phenylene ring which is more  We report here our dielectric results on DPE and DPK
likely to be perpendicular to it. molecules in benzene solutions and on PEEK polymer films.

Molecular dynamics simulation (modified TRIPOS 5.2 The experimental activation energies are compared with those
force field) allowed the analysis of cooperative rotations given by relative potential energy maps constructed by the use
of phenylene rings and of larger segments of the PEEK of the modified-CNDO/2 method. The process is validated by a
chain [16]. In particular, these recent results showed that comparative study between calculated and experimental values
the ether—ether rings are more mobile than the ether—ketoneof the dipole moment of the molecular units.
rings. A conformational flexibility study of the linkages
occurring in poly(ether isopropylidene sulfone) (PEIS) and
poly(ether isopropylidene ketone) (PEIK) in vacuo was also 2. Experimental
performed by way of another molecular simulation program
[17] (POLYGRAF, Dreiding-1l force field). Energy barriers  2.1. Calculations

PEEK The calculations were carried out on a VT 420 terminal
connected to a VAX 6000-410 computer.

/ 0 PN 2.2. Materials
1 - i
\@ 1 Q i Diphenyl ether (DPE) and diphenyl ketone (DPK) were
o o used in solutions of 0.5—12%wt in benzene. The PEEK has
Table 1
a Values of the valence angle as determined by physical analysis or used in

calculations, for DPE and DPK

Molecule Valence angl€  Method Reference

DPE 124 X-ray diffraction [20]

123 Hickel [21]

123 CNDO/2 [22]

124 Hickel [23]

123 C-INDO [24]

1 116 STO-3G [11]

124 MNDO [10]

117 AM1 [13]

10 123 3-21G [13]
9 126 CNDO/2 [15]
121-122 X-ray diffraction [25]

DPK 122 X-ray diffraction [26]

1 8 120 CNDO/2, Hakel [27]
/w 120 Rayleigh diffusion [28]
119 C-INDO [24]

+0, 117 MNDO [10]

122 MM [29]
Fig. 1. (a) Molecular formula of PEEK; (b) Agreements for the rotation of 1;2_122 (;('jlrgy?gziffraction [[1255]]

the aromatic rings, X being O for DPE and=€0 for DPK.
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been synthesized according to the Kricheldorf method [31],

followed by a 80C—-20 min-drying period. The resulting
powder was then hot-pressed under vacuum at@@thd
water-quenched to give amorphous films.

2.3. Dielectric measurements

Dielectric determinations of the real paft and of the
imaginary pari” of the permittivity, and of the dissipation
factor tané (tané = €"/e’) were performed on a Dielectric
Thermal Analyser (DETA) from Rheometric Scientific,
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Optimizations using Hartree—Fock theory and the
STO-3G basis set on bond angles and bond lengths were
first made on the model compounds. The main results
obtained are d(C-X3= 1.40 Afor X = O and 1.42 Afor
X = CO, and CXC= 117 for both molecules [18]. Con-
cerning the CXC angle, Table 1 lists some values of the
angles found in the literature for C(O)C in DPE and for
C(CO)C in DPK, together with the analysis or calculation
method used [19]. The values are spread over a wide range,
being 116-126 for X = O and 117-126 for X = CO. It
can also be noted that a value of 118r C(O)C in PPO

England, allowing measurements over the temperaturechains was calculated from TRIPOS 5.2 by Chen et al. [30],

range — 150°C to + 500°C and over the frequency range
20 Hz to 1 MHz. Isochronal runs with fixed frequencies and
ramping temperatures Y2.min"%) were carried out on the
polymer films, and on DPE and DPK solutions using a liquid
measurement cell. The solid polymer films (1 mm-thick-
ness) were dried at 140 for 6 h and heated slightly
above their glass transition temperature (150 for

10 min prior to measurement in order to cancel the influence

of water and to get rid of the thermal history of the material.

They were finally gold-evaporated to ensure a good electri-

and that values of 1122or C(O)C and 124.6for C(CO)C
in a PEIK chain were presented from POLYGRAF by
Hamerton et al. [17]. Our calculated value, 1X@r both
DPE and DPK, lies in the lower part of the literature varia-
tions. The fact that sub-glass motions are seen to occur at
low temperatures induces us to think that the molecule can
show a rather low angle between the two phenyls.
Rotational motions of the phenylene rings of the
molecular units DPE and DPK in PEEK have been investi-
gated by means of semi-empirical calculations using the

cal contact with the electrodes. All materials were handled CNDO/2 version. CNDO/2 is a semi-empirical method
under vacuum and the dielectric measurements were donébased on quantum mechanics, which can be used to treat
under a nitrogen flow. The measurement of the refractive molecules that are too large to be handled in ab initio meth-
indexes of the solutions was conducted on a Sopelemods. The CNDO/2 program was modified [18] in order to

refractometer at room temperature.

3. Calculations
3.1. Method of calculation

Diphenyl ether (DPE) and diphenyl ketone (DPK) were

simulate the van der Waals impenetrability zone of the elec-
tronic corona of the aromatic ring, which has a thickness of
about 3.60 A As a matter of fact, steric and electrostatic
constraints can exist either between one corona and the
aromatic hydrogen atom which is located in front of it, or
between two coronas. For this purpose, thg kiydrogen
atom position was modified to simulate the half-thickness of
the electronic corona, the distances€H;o being forced to

used as model compounds, being the molecular constituentde 1.80 Ain this configuration (Fig. 2). This modification

of polymers such as PEEK. The molecular formula of PEEK
is given in Fig. 1, together with a schematic view of DPE

and DPK showing the rotational angles of the phenyl rings.

Each phenyl can rotate to anglés and 0,, defined with
respect to the €XC ;3 plane.

allowed us to take into account the fact that steric and elec-
tronic hindrances can exist between the electronic corona
and the facing hydrogen atom of the adjacent phenyl (typi-
cal position ¢4, 6,) = (0°, 90F)), and between the coronas of
two adjacent phenyls (typical positiofy( 6,) = (9C°, 9C°)).

Fig. 2. Schematic representations of the molecular units; (a) The two phenyl rings are orthogonal, showing the half-thickness of the arconitic@leck;
(b) To take into account this electronic corona, the right phenyl ring is forced to lie in the same plane as the left one, and the positigshyfditgkin atom

is modified.
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Fig. 3. Energy map and main motion routes for DPE.

3.2. Energy maps

A great number of calculations have been made to assign
an absolute energy value for each conformation considering
all the possible rotations. The rotational angbesand 6,
have been varied in the rangetd 360 by steps of 10

In the case of DPE, the minimum absolute energy is
obtained for the conformation defined by the rotational
angles ¢4, 0,) = (30°, 150°) and their symmetrical equiva-
lents. Chen et al. [15] found the minimum energy conforma-
tion for DPE to be {4, 0,) = (3C°, 3C°). This combination is
found to be identical to ours, once the agreements for the
rotation of the phenyl rings and for the directions of the axes
have been considered.

In the case of DPK, the minimum absolute energy is
obtained for the conformation defined by the rotational
angles ¢4, 6,) = (70°, 110) and its symmetrical equiva-
lents. This position can be compared with the °(920C)
position found by Chen et al. [15]. The consideration of
electronic corona effects by the modified-CNDO/2 is here
held responsible for this substantial difference. Moreover,
the amplitudes of the motions in DPE and DPK are signifi-
cantly reduced by the use of the modified-CNDO/2 as
compared to the regular CNDO/2 [18].

These results are significantly different from the ones
reported by Hamerton et al. [17], which are {90C) for
the ether linkage and (3@() for the ketone linkage. These
linkages were however studied as part of the monomer of
the considered polymer (PEIS or PEIK), where the presence
of the methyl moieties has a strong constraining effect on
the ability of the phenyls to rotate, the motions being limited
in very small zones.

For these minimum absolute energies, conformation
maps can be drawn showing the values of the relative energy
for each conformer. Figs 3 and 4 illustrate the conformations
of DPE and DPK, respectively, where each iso-energetic
line corresponds to 30 kcal.mdl The maximum relative
energies are in our case as high as 419 kcal-frfor DPE
and 368 kcal.mol* for DPK. Chen et al. [16,30] reported
maximum relative energies far above 100 kcal.mdbor
DPE and for DPK, both calculated with TRIPOS 5.2.

3.3. Molecular motions

A great number of motions can be envisaged for the phe-
nyl rings from each possible conformation. Among them,
only the simultaneous and the alternated rotations will be
considered.
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Fig. 4. Energy map and main motion routes for DPK.

There are actually two types of simultaneous rotations: because of the lower energy barriers encountered. More-
the first one consists of rotating the two aromatic rings in over, the DPE molecule appears to be more mobile than
opposite directions by increasing or decreasing both rota-the DPK molecule in the case of gear rotations.
tional angles (gear rotation), whereas the second one makes The alternated rotations consist in fixing one of the
the two rings rotate in the same direction by increasing one phenylene rings and allowing the other one to undergo a
angle and decreasing the other (correlated rotation). complete 360 rotation. This motion can be described by

The gear rotation, characterized by a straight line with a considering either a horizontal or a vertical line in the
negative unity slope on the conformational maps, is consid- energy maps. Fig. 7 depicts the phenylene ring motion
ered by several authors as the easiest possible motion. Conalong vertical lines D1 whereas Fig. 8 shows motions
sidering the molecule to lie first at its lowest energy along horizontal lines D3. These various rotations do not
position, such a type of rotation is illustrated by the motions differ significantly from each other, the energy barriers
following the D2 lines in Figs 3 and 4 for DPE and DPK being very high in all cases, although being lower than in
respectively. The values of the relative energies taken by thethe case of correlated rotations.
molecules in this way are presented in Fig. 5, where the From a general point of view, it is thought that an isolated
most probable positions are noted by the arrows. molecule could follow the most favorable energetic path

On the same scheme, the correlated motions can befrom its most stable conformation by modifying its confor-
visualized on the energy maps when the molecule is moving mation structure near an energetic barrier, following then a
from its low-energy position along a straight line with a broken line on the energetic map. Such a route will allow the
positive unity slope corresponding to the D4 lines in Figs molecule to minimize its energetic jumps.

3 and 4. The related picture is shown in Fig. 6 for the two  From these results, it is also possible to suppose that the
molecules. DPE unit will move more easily than the DPK unit in a
If we compare correlated motions with gear motions, itis polymer chain such as PEEK in the stip-temperature

clear from the figures that gear motions are most likely region.
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relative energy (kcal/mol)

0 50 100 150 200 250 300 350
torsional angle 61 (degree)

Fig. 5. Variation of the relative energy versus the torsional afigfer DPE and DPK molecules following a gear rotation route (D2 line). The most probable
positions are shown by arrows.

4. Dielectric spectrometry fraction of the solutione is the permittivity andn is the
refractive index of the solution, the 1 subscript referring
4.1. Determination of dipole moments to the pure solvent. This method has been applied to the

determination of dipole moments in the case of model com-
The mean-square dipole moment of a polar molecule in pounds [33,34] and polymers in solution [35-37].
solution can be experimentally determined through the use A series of solutions with increasing concentration of

of the Guggenheim—-Smith relation [32a,b,c]: DPE and DPK in benzene has been prepared. Dielectric
, 27k, TM de dn and refractivity measurements allow us to assign a value
_ de 5, dn 1 Lo s .
() 747FPNa(€1+ 2)2{ aw 1 dw} (1) to the permittivity and refractive indices of the solutions

and of the solvent. Figs 9 and 10 represent respectively
whereN, is the Avogadro numbek, the Boltzmann con-  the variation of the permittivitye and of the refractive
stant, T the absolute temperatur], the molecular mass of  indexn as functions of the weight fraction of DPK in ben-
the solute,p the density of the solvent and the weight zene. The slopes of the straight lines give the values/of d

= L —n
400

[ correlated rotation D4 B DPE
O DPK
350} ﬂ

300

250

200

150

relative energy (kcal/mol)

100

50

r = . fe--Ed ,<J
0 50 100 150 200 250 300 350

torsional angle 61(degree)

Fig. 6. Variation of the relative energy versus the torsional afigier DPE and DPK molecules following a correlated motion route (D4 line). The most
probable positions are shown by arrows.



S. Verot/Polymer 40 (1999) 2605-2617 2611

alternated rotation D1 B DPE

O prk

150

100

relative energy (kcal/mol)

torsional angle 61 (degree)

Fig. 7. Variation of the relative energy versus the torsional afigfer DPE and DPK molecules following an alternated motion route (D1 line). The most
probable positions are shown by arrows.

dw and dv/dw to be replaced in Eg. (1). The valuesesgfand the value ofu = 3.35 D for DPK, calculations of the dipole
n, for pure benzene are graphically determined, being the moments were done using CNDO/2. The torsional angjes
intercepts of the graphs. A value of 2.09 is found égrthe and 6, have been varied by increments of°180 a great
discrepancy being 7% with the mean value of the literature number of conformations (361) were considered for each
which is 2.25. Concerning the refractive index, a value of molecular unit. The regular CNDO/2 method was used
1.5007 is found fon,, showing a discrepancy of 0.03% with because the artefact which was introduced in the modi-
the mean value of the literature which is 1.5011. A dipolar fied-CNDO/2 induced large perturbations in the determina-
moment of 3.35 D is then calculated for the DPK molecule. tion of the dipole moment.
No variation of either the permittivity or the refractive index In the whole range (8-180) for 6, and6,, the dipole
with increasing concentration was found for DPE in ben- moment varies from 1.50 to 1.63 D for DPE, while it varies
zene. This is probably due to a weaker dipole moment for from 3.04 to 3.24 D for DPK. The mean values are respec-
this molecule, leading to poor dielectric and optical signals tively 1.56 D for DPE and 3.15 D for DPK.
in the experimental methods used. These values of the dipole moment for DPE and DPK are
In order to verify this hypothesis for DPE and to confirm somewhat larger than the ones reported in the literature,

alternated rotation D3 B DPE
O DPK

150

100

50

relative energy (kcal/mol)

torsional angle 62 (degree)

Fig. 8. Variation of the relative energy versus the torsional afigfer DPE and DPK molecules following an alternated motion route (D3 line). The most
probable positions are shown by arrows.
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Fig. 9. Variation of the permittivity versus the mass fraction for DPK solutions in benzene.

especially for DPE. For example, one study, using C-INDO
[38] for the calculations, claims respective values of 1.23 D
for DPE and 3.10 D for DPK [24]. These values were for the
equilibrium conformations oft(, 0,) = (35°, 35") for DPE
and (30, 3C) for DPK. u = 3.10 D is also our calculated
value for @,, 8,) = (30°, 30°) in the case of DPK.

4.2. Dielectric relaxations

Dielectric spectrometry experiments have been con-

4.2.1. Solutions

Two different concentrations were tested for the solu-
tions, a low weight fraction of 1% and a higher one of
10%. As usual, we consider the DPK molecules to be iso-
lated in the 1% dilute solutions, while some intermolecular
interactions are thought to be present in the 10% solution
with a main part of the molecules forming aggregates.

A relaxation peak can be seen on isochronal curves for
DPE and DPK in the temperature range {50C, — 50°C).
However, the intensity of the peak in the case of DPE is

ducted on solutions of DPE and DPK in benzene and on extremely low and very difficult to extract from the noise.

films of a polymer containing DPE and DPK as molecular
units, namely poly (ether—ether—ketone) (PEEK).

For this reason, the dielectric studies of the relaxations will
only be reported for DPK. These experimental difficulties

1.514
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1.506

refractive index n

1.504

1.502

1 L 1

1.500 L L L
0.00 0.02 0.04 0.06

0.08 0.10 0.12 0.14

mass fraction w

Fig. 10. Variation of the refractive index versus the mass fraction for DPK solutions in benzene.
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Fig. 11. Variation of the 1 kHz-isochronal dissipation factor versus temperature for 1%wt and 10%wt solutions of DPK in benzene.

may be attributed to the weak intensity of the dipole molecules can be considered as stacked one on top of the
moment of DPE. other in a head-to-tail position, due to the presence of partial
The 1 kHz-isochronal taf curves for solutions of DPK  charges on the ketone functionality. In this case, the ampli-
1%wt and 10%wt are presented in Fig. 11. There is evidencetudes of the oscillations of the phenyls are limited by the
of a relaxation peak in the dielectric dissipation factor neighboring molecules. These constrained phenyls need a
curves of the solutions. It lies at- 96°C for DPK 1% and more elevated thermal agitation to be put in motion; the
— 73C for DPK 10%. The variation of the temperature of maximum of the relaxation is then shown to appear at
the maximum of tard with frequency allows the dielectric = — 73°C for the 10% solution instead of- 96°C for the
spectrometry apparatus to determine the activation energiesl% solution. From this state, the motions being more lim-
of the relaxations through an Arrhenian analysis. These ited, the energy needed to maintain these oscillations is in
activation energies are listed in Table 2, together with the turn lower (43.9 kcal.mol®).
1 kHz-frequency temperature location of the dissipation The conformations for which the relative energy is
factor maximum. greater than 62.5 kcal.mol thus cannot be reached by the
It can be seen that the activation energy seems to bediphenyl ketone molecule in any case. The dipole moment
largely dependent on the concentration of DPK in benzene, values for these forbidden conformations have been subse-
being 62.5 kcal.mol* for 1%wt and 43.9 kcal.mot for qguently removed in order to calculateuavalue that would
10%wt. Concerning the relaxation of the dilute solution of be the actual one. The same average value is nevertheless
DPK, one may consider that the molecules are isolated, found, that isu = 3.15 D. A 3-D representation of the dipole
being dispersed in the solvent at this low concentration moment is given in Fig. 13 as a function of theand 6,
(Fig. 12a). Under these conditions, the oscillatory move- torsional angles. On this graph, the valueg @freater than
ments of the two phenylene rings can proceed with broad 3.15 have been leveled for continuity reasons.
amplitudes from the most stable position. The possible types
of phenylene motions have been described above. Theset.2.2. Polymer film
large oscillations are then shown to require somewhat Inthe case of the polymer film, the 1 kHz-isochronaldan
large energies (62.5 kcal.md) to be sustained. curves for dried annealed PEEK are shown in Fig. 14. A low
On the other hand, in the more concentrated solution, thetemperature peak is seen, which is located -at106°C.
molecules can be considered to be aggregated, at least for #oreover, a wide zone of dissipation appears in the
great part of them (Fig. 12b). For this solution, two DPK region — 90°C to — 50°C, a slight maximum being seen

Table 2

Temperature locations of the tdrmaxima and corresponding activation energies for DPK solutions and for PEEK film
Sample Temperature of the tdmaximum (C) E, (kcal/mol)

DPK 1% solution —96 62.5

DPK 10% solution -73 43.9

PEEK film —106 —76 125 -
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DPK 10%

b) Molecules in aggregates
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Mechanical and dielectric spectrometry experiments have
been concurrently performed on a series of polymers con-
taining phenyl rings in their main chain [6]. The activation
energies of thep relaxation was evaluated to be
10-11 kcal.moi! by dielectric measurements, being
slightly lower and appearing at a lower temperature com-
pared to the same polymer under mechanical measurements.
The conclusion was that thgedielectric relaxation is a high-
frequency—low-temperature component of a large distribution
of internal motions that are able to be seen in mechanical
spectrometry. Another study of the dielectric behavior of
amorphous PEEK revealed a broad dissipation peak in the
(—100C, — 30°C) region, having an activation energy of
13.9 kcal.mol™ [39].

No low-temperature dielectric relaxation has been
pointed out for the DPE molecular unit under our experi-
mental conditions. There are likely motions in this molecule,
but the set-up sensitivity does not allow their measurement
because of its low dipole moment. This apparent lack of
dielectric activity of the DPE molecule can also be due to
the fact that the DPE oscillations have been shown to be
very easy around the C—-O bond [18,40].

Fig. 12. Schematic representation of isolated (a) and aggregated (b) DPK Consequently, it is thought that the DPK molecule is

molecules.

at — 76°C. An activation energy of 12.5 kcal.mdlis cal-

probably the governing unit of the sub-glass relaxations
for this kind of polymer. Figs 15 and 16 illustrate correspon-
dences between the origin of the various relaxations for

culated relative to the first phenomenon. The activation DPK solutions and in PEEK polymer that can be worked

energy was not able to be determined for the ©0°C,
— 50°C) region of the dissipation factor.

out from the dielectric results.
The low-temperature relaxation in the polymer could be

A dynamic mechanical spectrometry study of the sub- of the same type as the relaxation revealed for DPK mole-
glass relaxations for dried amorphous commercial PEEK cules considered as isolated (1% solution). Thus, this relaxa-
[8] reported that for a frequency of 1 Hz, the spectrum of tion can be considered as reflecting the mobility of the DPK
the mechanical dissipation factor showed a maximum at units that are distant from each other, i.e. concerning the

— 80°C with a shoulder at— 30°C. The activation energy
of the maximum was determined to be 12 kcal.nol
Another mechanical study gave a value of 10.3 kcalthol
for a relaxation peak located at 89°C for 1 Hz [7].
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short linear segments being less congested by the neighboring
molecules (Fig. 15). The only restraint for these segments is

due to the presence of neighboring DPE units in the same

macromolecular chain, inducing two effects: the motions
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Fig. 13. 3D-representation of the calculated dipole moment of an isolated DPK molecule.
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Fig. 14. Variation of the 1 kHz-isochronal dissipation factor versus temperature for PEEK.

must be of smaller amplitude than those observed for the Concerning the other sub-glass relaxation in PEEK, a
isolated DPK molecule, and the rotations of the DPK must similarity can be noted with the relaxation of the aggregated
be gear rotations [19]. As a matter of fact, gear rotations are DPK molecules in the 10% solution (Fig. 16). It can then be
the easiest motions with the lowest activation energies, thesaid that this relaxation can reflect the mobility of the con-
energetic barrier being 28 kcal.mbbn the D2 route in Fig. 5. strained DPK units, having its origin in chains that are
Itis experimentally observed that the sub-glass relaxation entangled or forming balls. In such chains, the DPK units
appears at a lower temperature for PEEK (06°C) than can lie closer together to a certain extent and can be
for DPK ( — 96°C) with a lower energetic contribution of subjected to greater constraints than in the case of distant
12.5 kcal.mol ! instead of 62.5 kcal.mol. The hypotheses  molecules. This second sub-glass relaxation is located at a
expressed by Laskowski et al. [11] and by Chen et al. slightly lower temperature<{ 76°C) than for the aggregated
[16,30] are then corroborated: at a given temperature, themolecules (— 73C).
rotation of one or two rings needs a higher activation energy The DPE and DPK molecular units are then shown to
(large amplitudes) than for the same rings located in a have an unequal participation in dielectric relaxations. The

longer chain (weak amplitudes). DPK molecule, being more rigid and having a greater dipole
PEEK PEEK
0 [
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P c c NS
\’R ! O ‘ @ 0 |
> Il 0
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"Isolated" molecular unit in a chain @ Q | /_\f
~—_ A

Molecular units in aggregates in a chain

Distant molecular units Hindered molecular units

Fig. 15. Molecular assignment of the low@relaxation in PEEK. Fig. 16. Molecular assignment of the higherelaxation in PEEK.
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Fig. 17. Energy map for the DPK molecule in an isolated state, an aggregated state and a hindered state in a polymer chain. The energy is expressed

kcal.mol™. The forbidden conformation zones are indicated.

moment, must be the main one responsible for the dielectric conformations located in low energy valleys. From Fig. 17,
signal in low-temperature relaxations. Being the determining it is also shown that these valleys follow negative slope
factor in dielectric spectrometry, the DPK molecular unit could diagonals, corresponding to gear rotations, which have
then be used as a probe for the sub-glass relaxations in lineabeen shown to be the most favorable.

aromatic polymers having ketonic bridges.

6. Conclusions
5. Correlation with calculations
Semi-empirical calculations on DPE and DPK molecules,

It is now possible to correlate the values of the energetic and experimental dielectric measurements on PEEK plastic
contributions given by the CNDO/2 calculations with those films and on its DPE and DPK molecular units in benzene
of the activation energies obtained from the dielectric inves- solution have been done in this study. The calculations on
tigations. In the case of a DPK molecule considered as beingthese repeating units using a modified-CNDO/2 method
isolated, an activation energy of 62.5 kcal.mbhas been confirmed previous reports revealing that the DPE molecule
experimentally determined. One may consider that the has a higher mobility than the DPK one. This suggests that
conformations for which the energetic contribution is higher the motions of the DPK units can be the determining ele-
than this value would not be reached by the molecule. With ment in a polymer chain containing DPE and DPK, such as
the same reasoning, a DPK molecule lying in an aggregatePEEK. The easiest routes for the motions of the phenylene
would not reach conformational energy values higher than rings are those followed by gear rotations. The dipole
43.9 kcal.mot ™. For molecules of DPK in a polymer chain, moment of DPE is calculated to be rather weak compared
the probability of reaching energy values higher than to the one of DPK. This is confirmed by permittivity and
12.5 kcal.moi™ could be considered as very low. refractive index measurements.

This can be seen in Fig. 17 where the forbidden confor- The temperature location and activation energy of the
mations have been illustrated by a heavy darkening whenrelaxation for the DPK molecule is seen to depend on its
DPK is considered in an isolated state and by a light darkening concentration in benzene. The douBleslaxation in PEEK
in the case of an aggregate. These forbidden conformationss interpreted in considering two classes of DPK units, the
have been framed in the case of DPK in a PEEK polymer former being distant from each other in a single molecular
chain. A DPK molecule in a polymer chain has fewer chain on the one hand, and the latter being closer together in
degrees of freedom, in that it presents a lower number of entangled or ball-forming chains on the other hand. A DPK
conformations, compared to the same molecule consideredmolecular unit in a macromolecule such as PEEK can only
as isolated or in aggregate. The DPK molecular unit in a reach the permitted conformations in low energy valleys
macromolecular chain is only able to reach the permitted corresponding to gear rotation motions.
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