Korea Polymer Journal

Volume 7, Number 3 June 30, 1999

@ Copyright 1999 by The Polymer Society of Korea

Annealing Study of Poly(ether ether ketone):Temperature Effect on
Molecular Conformation and Crystallinity

Hyuk-Jin Cha*
LG Chemical Ltd., Research Park, 104-1, Moon[i Dong, Yusong, Tacjon, Korea
Curtis W. Frank

Department of Chemical Engineering, Stanford University, Stanford, CA 94305-5025
Received December 8, 1998

Absiract : The molecular level conformational changes of poly{aryl ether ether ketone) (PEEK] with
temperature were studied by using fluorescence spectroscopy. The characteristic emission bands at 434
and 490 nm were monitored in arder to understand local conformational changes of the polymer chain
during the thermal treatment process. The 434 nm emission band seems io be correlated with the amor-
phous regime in which the chromophores are randomly oriented, whereas the 490 nm emission band
seems to be related with the crystalline regime. The intensity ratio (laso/az4) increases with crystallinity.
The changes in relafive intensity ratio (lss/faas} were compared with differential scanning calorimeter and

X-ray scattering data, and were explained in terms of molecular morphology.

Introduction

The semi-crystalline aromatic polymer poly(aryl
ether ether ketone) (PEEK) has good mechanical
properties and thermal stability. Studies on its
synthesis'™ and physical properties”’ have been
reported. In addition, numerous d.s.c*” and X-
ray scattering tsz:-q:verimentsmz4 have been per-
formed to understand the thermal properties and
morphology. The glass transition temperature (T,)
and melting point (T..} are around 145 and 345,
respectively’ The crystalline structure of PEEK

has been discussed by many authors. It is known

* g-mail: hjcha@lgchem.co.kr

that the PEEK chain has an extended zig-zag con-
formation and forms an orthorhombic crystallo-
graphic unit cell (Pben group)” The crystallinity
of PEEK may range from 0 to 43% depending on
thermal history. Generally, amorphous PEEK can
be obtained by rapid quenching from the rrelt,
while semi-crystalline PEEK can be prepared by
slow cooling from the melt or by isothermal an-
nealing between T, and T.,. Various studies have
focused on the melting behavior™"® effects of
thermal history'®* and the morphology.™'*'**
Molecular modeling of PEEK has been done by
Abraham and Haworth.” The nature of the chain
packing has been examined with a model based
on ab initio calculation and crystal data for small,
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aromatic molecules. However, very few experi-
ments have been reported on the relationship
between the molecular level local conformational
changes and crystallinity. In particular, very few
spectroscopic studies have been reported on the
macromolecular chain packing of PEEK in the
condensed state. Intrinsic fluorescence has often
been used to probe micro environmental changes
in the aromatic vinyl polymers. For instance, pho-
tophysical processes in polystyrene and polyvinyl
carbazole have been extensively studied over the
last few decades®* The effects of orientation,
tacticity and crystallinity on polystyrene and poly-
vinyl carbazole films were studied by David et al.*
The emission properties of poly{ethylene tereph-
thalate) (PET) hawe been extensively studied
recently. Cao et al.*" investigated the effect of
crystallinity on the excimer fluorescence of PET
film. The effects of uniaxial and biaxial extension
on the intrinsic fluorescence of PET films have
been investigated by Hemker et al.** molecular
orientation in hot-drawn PET films has been stud-
ied by Hennecke et al."* However, no fluores-
cence spectroscopy of PEEK has yet appeared.
The objective of this study is to examine the chain
conformational changes in PEEK with crystalliza-
tion. In particular, the local conformational chan-
ge of the chains was monitored by using the
intrinsic fluorescence band ratios that are inherent
to PEEK. In addition, d.s.c. measurements have
been performed in order to compare with fluores-
cence data for the samples, having various crys-
tallinities.

Experimental

Materials. PEEK powder was purchased from
ICI America Inc. (Wilmington, DE). Its intrinsic
viscosity was measured with a Ubbelohde visco-
meter and the Mark-Houwink-Sakurada relation
for PEEK' in methanesulfonic acid (MSA) {99%:
Aldrich) was used to estimate the molecular
weight.

nl1=226x% 10 * M*& (1)

The measured intrinsic viscosity of 0.82 in MSA
led to an estimated molecular weight of 24,600.
The 1,2-dichlorobenzene and .4-chlorophenol
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were purchased from Aldrich Chemical Co. and
were distilled twice before use. PEEK films were
prepared by spin casting from PEEK solutions in
60:40 {weight} mixture of 1,2-dichlorobenzene
and 4-chlorophencl. In order to make a uniform
PEEK film, a “flash” spin casting technique was
developed. In this method, the PEEK solution was
heated up to the boiling point of the mixed sol-
vent, and the surface of the silicon substrate was
radiatively heated while spin casting. The surface
temperature of the silicon substrate was measured
by a K type thermocouple probe attached to the
back side of the silicon substrate in contact with
the chuck. The spin-cast PEEK film was then
heated up to 673 K in a nitrogen-filled oven, fol-
lowed by quenching in liquid nitrogen for 20 sec.

Fluorescence and UV-visible Measure-
ments. A Spex Fluorolog 212 spectrometer was
used for the fluorescence study. Slit widths of 2
mm and front face illumination were used. High
quality quartz wafers were used for the fluores-
cence measurements of spin cast PEEK films. All
emission spectra were corrected for the spectral
response of the spectrometer. Absorption spectra
were obtained with a Caryl3 UV-Visible spec-
trometer. Spectra were measured in high quality
quartz cuvettes with 1 mm path length for solution
experiments.

Crystallinity Determination. In order to
measure the degree of crystallinity, differential
scanning calorimeter measurements were con-
ducted with a Perkin-Elmer DSC 7 controlled by a
7500 PC. PEEK samples, 5-10 mg, were anneal-
ed isothermally for 1 h at different temperature.
All measurements were performed under nitro-
gen, Scanning rate was 10°C/min.

Results

Typical fluorescence spectra of the PEEK film
are shown in Figure 1. As shown in Figure 1({a)
and 1({b}, the emission maximum at about 434
nm results from an excitation at 395 nm, and the
excitation maximum at about 395 nm results from
an emission at 434, The main feature to be noted
in these spectra is the broad emission between
400 and 600 nm,

The normalized emission fluorescence changes
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with annealing time are shown in Figure 2 (The
emission spectra are normalized at 434 nm).
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Figure 1. {a} Fluorescence excitation spectrum of PEEK
film emitted at 434 nm. (b) Fluorescence emission spec-
trum of PEEK film excited at 395 nm.
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Figure 2. PECK film emission spectra normalized at
434 nm for various annealing times at 523 K; (a} before
annealing, (b) 45, (¢) 115, (d) 185 and (e} 45 min (All
spectra were excited at 394 nm).
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Figure 3. PEEK film emission intensity differences in
energy scale; (1)=(b)-(a), (2)={c}-{a), (3)=(d)-(a) and
(4)=(e)-(a}. Band I (490 nm) and Band II (580 nm) are
centered at 21500 and 174060 cmfl, respectively.

Samples of amorphous PEEK were heated at con-
stant temperatures for selected times before fluo-
rescence measurements. The broad emission
shoulder between 450 and 600 nm increases in
intensity with annealing. In order to understand
the possible local environmental changes of chro-
mophores qualitatively, an analysis of the low
energy emission band between 450 and 600 nm
were done. The emission band differences in Fig-
ure 3 indicate the spectral differences at a given
annealing condiion with amorphous sample
{before annealing). For instance, the (b)-(a) in
Figure 3 refers to the emission spectral difference
between the sample that was annealed for 45 min
and the sample that was not annealed. According
to the emission curve deconvolution shown in
Figure 3, this broad emission band consists of two
major bands (one centered at 490 nm (Band I)
and the other located at 580 nm (Band 1I)}. An
iterative non-linear least squares curve fitting pro-
cedure based on a combined Gaussian function
was used in this fitting procedure.

Annealing time effects are shown in Figure 4 as
a function of the relative intensity ratios lugg/lsq. As
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annealing proceeds, the intensity ratios increase
monotonically, and finally reach plateau values.
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Figure 4. PEEK emission intensity ratio change {{s90/434)
for different annealing temperatures.
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Figure 5. Arrhenius type plot of the rate constant as a
function of annealing temperature. Rate constants from
the intensity ratio change (lsonflazs) and {Isso/lazs) are rep-
resented as (a) and {b), respectively. From the slopes,
activation energies of 5.7 keal/mol and 6.5 kcal/mol are
found, respectively.

144

On the basis of annealing experiments for differ-
ent temperatures, an Arrhenius type plot of the
rate constant was prepared for different emission
intensity ratios (Figure 5). The apparent activation
energy for fio/liq is 5.7 kcal/mole and Issolusq is
5.7 keal/mole.

Discussion

In order to obtain more detailed information on
the PEEK fluorescence, model compounds of
PEEK have been examined using UV absorption
spectroscopy. The absorption spectra of benzo-
phenone, diphenyl ether and 4-chlore 4'-phenoxy
benzophenone are shown in Figure 6. Although
PEEK and 4 4'-bisphenoxybenzophenone struc-
turally consist of phenyl ether and benzophenone
moieties, the behavior of their absorption and flu-
orescence was different from that of benzophe-
none and diphenyl ether™® Benzophenone
shows a very weak band at 340 nm, a relatively
strong shoulder at 280 nm and a strong band at
250 nm. It is generally accepted that the long
wavelength band arises from an n—x* transition
for benzophenone;” the band at 280 nm is

Absorbance

‘Wavelength {nm}

Figure 6. Absorption spectra of (a) benzophenone in
chloroform \’4><10"1 M), (b) diphenyl ether in chloroform
(@x10* M), and {c} 4-chloro 4'-phenoxybenzophenone in
chloroform (3><104 M).
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known as a perturbed 7—»7* transition™ and the
band at 250 nm is assigned to the 7—a* transi-
tion. In diphenyl ether a relatively strong band at
270 nm and a strong shoulder at 220 nm were
observed. The strong shoulder at 220 nm is due
mainly to the phenyl moiety. However, 4-chloro
4'-phenoxy benzophenone shows a very strong
band at 290 nm, a strong shoulder at 260 nm and
a strong shoulder at 220 nm. The absorption
spectra of 4-chloro 4'-phenoxy benzophenone
was very similar to that of 4,4"-bisphenoxyben-
zophenone,

The origin of the PEEK fluorescence may be
interpreted from the concentration dependence
study of its model compound, 4,4"-bisphenoxy-
benzophenone (Figure 7). As the concentration
increases, the intensity from the 383 nm band
becomes dominant compared to the intensity of
the 250 and 330 nm bands. The appearance of
the 383 nm band in the excitation spectrum sug-
gests that intermolecular interaction leads to
ground-state complex” formation by 4,4'-bisphe-
noxybenzophenone.

In addition, the emergence of the new band in

g
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Figure 7. Excitation spectra (for emission at 430 nm} of
the 4,4'-bisphenoxybenzophenone in chloroform as a
function of concentration; (a) 0.17 M, {b) 6.4x10° M, (c}
3.5x10* M, and (d) 2x10° M.
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the excitation spectra demonstrates the inter-
molecular ground state complex®™*” The fluores-
cence spectra from concentrated solutions (0.17
M) shows similar shape as the PEEK film spectra
shown in Figure 1{a). Therefore, these data sug-
gest that the origin of PEEX fluorescence is mainly
due to the ground-state complex formation.

In addition, interesting trends are observed
from the emission spectra that were excited at 349
nm (Figure 8). At low concentration, the maxi-
mum in the emission spectrum occurred at 430
nm. As the concentration increases, the emission
spectrum shows a marked increase in the region
between 450 and 600 nm. An increase in relative
intensity can be understood in terms of the onset
of the inter-molecular interaction {molecular over-
lap). At low concentration (21x0° M), the
intramolecular interaction of the 4,4"-bisphenoxy-
benzophenone is the major contribution to the
fluorescence spectrum. At high concentration
{0.17 M), the decrease in the intermolecular dis-
tance can enhance intermolecular overlap. There-
fore, the band 550 nm seems related with the
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Figure 8. Emission spectra (excited at 350 nm) of PEEK
and model compound as a function of concentration; (a}
PEEK film, (b} 0.17 M 4,4'-bisphenoxybenzophenone in
chloroform, (c) 6.4x10° M 4 4" bisphenoxybenzophe-
none in chleroform, and (d) 2x10° M 4,4'-bisphenoxy-
benzophenone in chloroform.
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proximity of molecules.

Annealing Study. Annealing kinetics from
amorphous films were studied using fluorescence
spectroscopy. Figure 4 shows that the intensity
ratio {liso/lise) increased monotonically with an-
nealing, reaching a steady value. The two charac-
teristic bands around 434 and 490 nm may reflect
changes in the surrounding of the chromophore,
which for semicrystalline materials can be rather
varied.

Deslandes and Rosa’s™ experimental results for
the crystallographic density changes with anneal-
ing temperature are plotted in Figure 9{a). Figure
9(b} indicates the crystallinity values converted
from the density data with the apparent weight
fraction crystallinity™ X. calculated using equation
(1) with p,=1.2064%

C=pc(p_pa) {1)
p(pc_pa)

In these experimenis each sample was isother-
mally annealed for 1 hour at different tempera-
tures. The density of the crystalline phase was
calculated from the unit cell parameter. As shown
in Figure 9, the density (crystallinity) of PEEK
increases with annealing temperature. The meas-

040 F T T T +

0351 -~

030 -

025 .

Crystailinity

0150 1 1 1
50

080 ] I I ;_
015 —
: ]
. .--..-----..un- ]
vl ,u----.._—.‘..-..... -

assfa -

Intensity Ratio {7490/ J434)

0.50 - -

0454 L 1 1 L
150 200 250 300 ase

Annealing Temperature ("C)

Figure 9. Crystatlographic density changes with anneal-
ing temperature (Data from Deslandes and Rosaf's). (a)
density changes and (b) crystallinity changes,
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ured values of the unit cell parameters, the
orthorhombic unit cell dimension values™ are
believed to be in the range of 7.63<a<8.0,
5.93<h <6.04, and 9.86 < ¢ < 10.13. It is believed
that the unit cell dimensions of PEEK decrease
with increasing crystallization temperature® In
addition, it is observed that the unit cell parame-
ters g, b decrease with crystallinity while the unit
cell parameter ¢ increases from X-ray diffraction
e:’q:aeriment.‘='3

In order to provide an experimental compari-
son between the fluorescence observable and
crystailinity, d.s.c. measurements were performed.
Figure 10 shows the d.s.c. results of PEEK, an-
nealed isothermally at different temperatures.
Annealing PEEX below 573 K produced a double
melting endotherm. The peak location of the high
temperature endotherm was found around 608 K
whereas the peak location of the low temperature
isotherm varied from 573 to 608 K with increas-
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Figure 10. d.s.c. thermograms for annealed PEEK: (a}
quenched sample; (b), (¢}, {d} and (e) annealed for 1 h at
456, 483, 563, and 583 K, respectively.
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ing annealing temperatures. The thermogram of
amorphous PEEK shows a cold-crystallization
exotherm peak around 456 K. We calculated the
weight percentage of crystallinity from the “peak
area method” * It is known that isothermal anne-
aling increases the crystallinity of PEEK®*"

As the isothermal annealing temperature increas-
ed, an increase in crystallinity was observed from
the d.s.c. measurement. Similar qualitative trends
wetre also observed for the relative intensity ratio
{I1so/l134), @s shown in Figure 11.

Figure 4 shows the results of the annealing
kinetics. From the annealing kinetic data, the rate
constant k was obtained. In secondary crystalliza-
tion from the glassy state, the local mobility gov-
erns the crystallization rate, whereas the rate of
nucleation governs the rate in crystallization from
the melt.*® Therefore, the crystallization rate con-
stant may be expressed as:

ko< ky exp (—E/RT) (2)

Plots of In k against 1/T are shown in Figure 5.
From the slope of this plot, a value of E(lu/
L) =5.7 keal mol”? is found. The changes in the
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Figure 11. Crystallinity changes with annealing temper-
ature measured by d.s.c. (@) and fluorescence (---}, All
samples were isothermally crystallized for 1 h at different
temperatures.
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intensity ratio (fawo/lsd) and the activation energy
might be explained in terms of local environmen-
tal change of PEEK chain at the interface. The
activation energy for L/l may be related to the
rotation of phenyl moieties in the amorphous/
crystalline interface. In addition, the local short-
range ordering including 7 stacking and molecu-
lar bending might be enhanced during the transi-
tion from the amorphous to the crystalline state in
the amorphous/crystalline interfacial region with
annealing. An ab initio calculation showed that
the conformational barriers to the rotation about
the phenyl ring to carbonyl and ether linkage are
4.8 and 2.6 keal mol’, respectively.”

However, there still exists the possibility of pack-
ing interactions in the crystalline region that might
reduce the rotational angles of the phenyl groups
about the molecular axis. In this region, the mo-
lecular packing may cause stretching of the PEEK
chain along the molecular axis (¢ axis} as well as
confraction of the b and ¢ axes with crystallinity.
The free rotation of the phenyl might be strongly
restricted due to the aligned intermolecular pack-
ing among the chains since molecular packing
will reduce the intermolecular distance. However,
very minor degree of restricted intramolecular
stretching and changes in the inclination angle’”
¢, may be possible as a result of an increase in the
carbonyl and ether bond angles in order to com-
pensate for the decreased rotational angles. This
more ordered molecular environment (intermo-
lecular packing) may enhance the probability of
either the intermolecular 7—x interaction or the
intramolecular 7 orbital overlap. The partial en-
hancement of the 7 overlap might occur between
the carbonyl and phenyl moieties with a restric-
tion of the degree of inclination of the phenyl
rings. However, intuition based on the steric
effects suggests a lower probability for the partial
intramolecular 7 orbital overlap than for the inter-
molecular 7—7 interaction. Deslandes and Rosa™
observed that the decrease of the unit cell para-
meter with isothermal annealing is due to an
improvement of crystal perfection and better
cohesive energy due to the increased lamellar
thickness. In addition, the carbonyl stretching in
crystalline regime was obsetved by Nauyen™

Even though there is no clear evidence for a
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relationship between the enhanced intermolecu-
lar interaction with intermolecular packing in the
crystalline region and the conformational changes
in the amorphous/crystalline interface, we can
expect that the occurrence of enhanced intermo-
lecular interaction band in the crystalline region
would lead to lower energy state than the 490 nm
band. However, there is no clear suggestion about
the exact conformation of chromophore at this
stage except that the lower-energy state is possibly
related with the crystallinity.”

Summary

Model compound and annealing of PEEK with
different time and temperatures have been studied
with UV and fluorescence spectroscopy. On the
basis of the model compound study, the PEEK flu-
orescence was found to result from an intermolecu-
lar ground state stable complex. Characteristic
fluorescence bands with peaks at 434 and 490 nm
bands were observed from the emission spectrum.
The bands in PEEK have been explained by the
existence of different chromophore environments
that might exist in the amorphous, amorphous/
crystalline interface, and crystalline regime.
Changes in the relative intensity with crystallinity of
the film were used as a correlation parameter to
monitor the local environment changes of the emit-
ting chromophores. The relative intensity lig/las
increased with annealing time or temperature, pos-
sibly correlating to the crystallinity increased with
annealing condition.
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