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ABSTRACT: In the second part of this series the influence of monomer concentration on the chemical
structure and the shape and size of poly(aryl ether ketone ether ketone ketone) (PEKEKK) particles was
reported. The present study of the thermal behavior and microstructure of aromatic polyketone samples
in the form of particles has been carried out by means of differential scanning calorimetry (DSC) and
wide angle X-ray diffraction (WAXD). Samples before and after reprecipitation and annealing were
investigated. Similar to other polyketones, PEKEKK shows two polymorphic forms: form 11, less stable,
is currently observed in the samples, while the reprecipitated polymer preferentially shows form I. Form
11 is partially converted into form | upon short annealing treatment of the material. The semicrystalline
materials show melting points and glass transition temperatures which are higher for the samples with
higher molecular weight and more regular chain structure. A comparison of thermal properties of “as
obtained” and “reprecipitated” samples reveals the influence of the particle architecture on the chain
mobility. The latter determines the ability of polyketone chains to crystallize. Infrared dichroism was
also used to characterize the arrangement of polymer chains inside the polyketone particles showing

crystal habits.

Introduction

Aromatic poly(ether ketone)s as high-performance
thermoplastic materials have received special attention
in the last decade.’~® These polymers show high ther-
mostability and resistance to chemical agents?2 and are
usually semicrystalline. A basic interest for polyketones
was also prompted by the fact that polyketones show a
double melting behavior4=® when crystallized at tem-
peratures above the glass transition temperature. The
origin of this phenomenon is still open to discussion.

With reference to the structure physical properties
correlation it is known that the thermal properties
(melting and glass transition temperatures) of para-
linked aromatic polyketones are very dependent on the
ether/ketone ratio which influences the lattice param-
eters of the orthorhombic unit cell. The chain packing
is similar to that found for poly(phenylene oxide)” and
for PEEK.8-10 For other aromatic polyketones the b and
c lattice parameters increase linearly with the carbonyl
content while the a parameter decreases. For polyke-
tones with a carbonyl content larger than 50% (PE-
KEKK and PEKK) Blundell and Newton!! observed
additional reflections in the X-ray pattern of oriented
samples which were indexed in terms of a new orthor-
hombic crystallographic form with the a and b axes
exchanged with each other.

Gardner et al. reported new results on the polymor-
phism of aromatic polyketones with different ether/
ketone ratios!?13 crystallized under different conditions,
and more recently for polyketones containing isophthalic
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units.'* In the case of polyketones crystallized from the
melt the first orthorhombic packing (PEEK-type) is
always observed for all polyketones independently of
their carbonyl content. On the other hand, samples
prepared by cold crystallization (from amorphous mate-
rial upon thermal treatement) and solvent crystalliza-
tion, with a carbonyl content larger than 50% (PE-
KEKK, PEKK), showed exclusively the second
crystallographic form. For the polyketone PEK the first
crystallographic form is still predominant in relation to
the second one. In this paper we will refer to these
polymorphic forms as form | and form 1l following
Gardner’s notation.

It is assumed that aromatic polyketones are linear,
with para substitution in arylene rings of the main
chain. Nevertheless, regardless of the preparation
method (nucleophilic or electrophilic routes) defect
isomeric structures can be present along the linear
polyketone chains. The presence of these defect struc-
tures, even in small relative amounts can obviously
affect the chain packing and relative motion of chains
and, consequently, the microstructure and thermal
behavior of the material. In the second paper of this
series!® the preparation and NMR characterization of
the aromatic polyketones investigated here were re-
ported. Such a detailed chemical characterization
confirmed a good quality and homogeneity of the
materials, and it encouraged us to investigate the
variation of the thermal properties and the microstruc-
ture as a function of (a) the molecular weight and chain
regularity and (b) the architecture of the particles
obtained. Thus, a characterization of the polyketone
samples by means of X-ray diffraction and differential
scanning calorimetry is presented. Infrared dichroism
was also used for a better characterization of the
building up of polyketone particles which showed a
needlelike crystal habit.
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Table 1
viscosity defect isomer
sample Ninh (dL/Q) molar content (%)
P1 1.46 6.7
P2 1.85 5.0
P3 242 24

Experimental Part

Materials. The chemical repeat unit of poly(aryl ether
ketone ether ketone ketone) is

‘@°@i@°‘©‘ﬁ‘@i’ PEKEKK

(o]

Three PEKEKK samples prepared by the precipitation
polycondensation method were investigated. The samples
obtained in particle form show different molecular weights
(viscosity) and different isomer unit contents (Table 1). The
isomer unit content refers to the relative total amount of 1,2
and 1,3 substituted phenylene rings. A description of the
preparation and characterization of samples is given else-
where.1®

Let us remember here that both the shape and the size of
the particles were found to be governed by reaction conditions.
The P1 sample consists of smooth, elongated particles (0.4—
0.7 mm). The P2 sample consists of spherical particles of about
0.1 mm diameter in the form of elongated aggregates (<1 mm
long). The P3 sample in addition to the aggregates of spherical
particles shows very thin needlelike crystals.

Methods. For the thermal study a differential scanning
calorimeter Perkin-Elmer DSC-4 was employed. A heating
rate of 20 K/min was used. After the first DSC run the sample
was rapidly cooled to 90 °C and then a second DSC run was
made at the same heating rate. DSC pans, carefully filled with
polymer particles, contained about 5—8 mg of material.

To examine the role of the architecture of the particles
themselves on the properties, the materials were dissolved in
a CF;COOH—-CDCI; mixture and reprecipitated using metha-
nol.

A vertical powder diffractometer (Rigaku) was used to obtain
wide angle X-ray diffractograms (WAXD) using a Cu Ka, Ni-
filtered radiation source from a rotating anode working at 8
kW. A scanning speed of 1° (26) per min was used. To
overcome the difficulties in filling the sample holder with the
same amount of the particle sample, we have prepared
sintered disks (¢ = 13 mm) using 100 mg of material. For
sintering, the samples were evacuated for 5 min followed by
application of a pressure of 0.75 MPa under vacuum for
another 5 min. Thus, X-ray diffratograms from sintered
samples are more comparable and reliable than those directely
obtained from particle samples. The crystallinity of the
samples was calculated as the ratio of the crystalline area to
the total diffracted area after subtraction of a linear back-
ground within the angular region between 5 and 36° (26). To
separate both the crystalline and amorphous contribution from
the experimental scattering pattern, we have considered an
amorphous halo centered at 20° (260) which tangentially
approaches the experimental curve at 26 values of 14, 26, and
35°.

In order to promote crystallinity, all the sintered samples
and the reprecipitated material were annealed at 230 °C for
15 min. Particularly, sample P3 was thermally treated up to
temperatures closer to the melting point to study the poly-
morphism.

A flat camera was also used to obtain X-ray patterns of the
particle samples, which were inserted in a glass capillary (2
and 0.7 mm diameter). A distance from the sample to X-ray
film of 40 mm was used.

Polarized infrared spectra of P3 needlelike particles were
obtained on a Bruker IFS 113V FTIR spectrometer using an
aluminum wire grid polarizer. The spectra were obtained after
32 accumulated scans with a resolution of 2cm™. The longest
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Figure 1. First (top) and second (bottom) DSC heating scans
for the three different aromatic polyketones.

Table 2. Thermal Properties from the First and Second
DSC Runs of Polyketones “As Obtained”: Melting, T,
Glass Transition, Ty, and Crystallization Peak, Tg,
Temperatures; Heat of Fusion, AH, and Heat of
Crystallization, AH¢

first DSC scan second DSC scan

AH AH. AH
sample Tm (°C) (J/g) Ty(°C) Tc(°C) (I/g) Tm (°C) (I/9)

P1 3735 59.1 1625 1994 -9.7 3699 317
P2 376.6 60.3 166.5 209.2 -16.8 353.3 234
P3 3856 615 168.0 2121 -—-154 3425 158

particle size was taken as the reference axis when irradiated
with polarized light.

Results

Thermal Behavior. Figure 1 shows the first DSC
traces from polymers and the consecutive second scans
after a rapid cooling (320 K/min) of the sample to 90
°C. The glass transition and melting temperatures and
the enthalpies of fusion are shown in Table 2. For these
three polymers the first DSC runs show a small, very
broad exotherm (150—180 °C) and melting points at 374,
377, and 386 °C, respectively. The small broad exo-
therms are associated with some reorganization pro-
cesses upon heating the material. The melting point
and the heat of fusion of the polyketones increase with
increasing molecular weight. The second DSC scans
show a well-defined glass transition followed by a rather
sharp cold crystallization peak and finally by a broad
melting peak. The glass transition, Tg, and the crystal-
lization peak, T, values increase with the molecular
weight. However, the melting temperature, Ty, of the
polymers from the second scan decreases with increas-
ing molecular weight. Enthalpies of melting from the
second scan were found to decrease in the same order.

Figure 2 represents the first DSC run for sample P3
before and after annealing at the temperatures T, =
320 and 345 °C for 40 min. The large sharp endother-
mic peak remains essentially constant and a small
endothermic peak appears at about 15 deg above the
Ta value used, in agreement with observations for the
double melting behavior.#=® The DSC traces for the
annealed material did not show any exothermic area.
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Figure 2. First DSC traces for the sample P3 before and after
annealing at 320 and 345 °C for 0.7 h.
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Figure 3. Same as Figure 1 but relative to the reprecipitated
samples.

The as obtained polyketones consist of particles
widely differing in shape and size (see Experimental
Section). Therefore, reprecipitation of the polyketones
from solution should erase any architectural features
of the particles, thus allowing us to carry out a com-
parison of the physical properties of the three polymer
samples under the same conditions. Figure 3 shows the
first and second DSC traces of the reprecipitated
samples as described in the experimental part. Their
characteristic thermal properties measured are pre-
sented in Table 3. The first DSC runs show endother-
mic peaks similar to those of the original samples (see
Figure 1 and Table 3). However, the exothermic area
around 180 °C is much less pronounced than for the
original samples. Concerning the second DSC runs,
these do not exhibit any cold crystallization peak. The
Ty and T, values observed in the second DSC run for
reprecipitated samples are systematically higher than
those observed for the original samples (see Tables 2
and 3). Furthermore, a small increase of the fusion
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Figure 4. WAXD diffractograms for sintered polyketones
samples before (a) and after (b) annealing at 230 °C for 15
min.

Table 3. Thermal Properties from the First and Second
DSC Runs of “Reprecipitated” Polyketones Samples

first DSC scan

second DSC scan

sample Tm(°C) AH@J/g) T4(°C) Tm(°C) AH (J/g)
P1 375.6 64.6 168.3 372.0 32.2
P2 380.9 64.3 172.0 358.2 25.1
P3 384.7 64.5 171.6 349.0 20.3

enthalpy values was observed for the reprecipitated
samples in relation to the as obtained ones.

X-ray Diffraction. Figure 4a illustrates the wide
angle X-ray diffractograms from sintered samples of the
three polymer particles as obtained. All three samples
show poorly defined scattering patterns. P1 and P2
samples exhibit broad and weak diffraction peaks with
the maximun intensity around 23° (26). In the case of
P3 the diffractogram shows a different intensity distri-
bution. After a thermal treatment at 230 °C for 15 min
the sintered samples showed an improvement in the
definition of the crystal peaks and the degree of crystal-
linity (Figure 4b). The diffractograms of the three
samples are similar and can be considered equivalent
to the scattering patterns reported for polyketones with
a high carbonyl content (PEKK and PEKEKK) prepared
under cold crystallization or from solvent crystallization;
i.e. they exhibit the polymorphic form Il. The reflection
at ~15.6° (indexed as 010) appears well isolated and it
allows a quick recognition of the crystallographic form
I1. In the case of P3 the presence of other low-intensity
reflections at about 18 and 20° (26 ) points to the
coexistence of both crystallographic forms (I and I1).

Parts a and b of Figure 5 show the X-ray diffracto-
grams corresponding to the sintered reprecipitated
samples before and after annealing at 230 °C for 15 min.
These diffractograms correspond to the polymorphic
form 1, which shows the strongest reflection at ~18°
(indexed as 110).

Further annealing of P3 at higher temperatures
provokes important changes in the relative intensity of
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Figure 5. WAXD diffractograms for sintered, reprecipitated
samples: before (a) and after (b) annealing at 230 °C for 15
min.
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Figure 6. WAXD diffractograms for sintered sample P3

untreated and after consecutive annealing at 250, 320, and
370 °C for 15 min.

Table 4. X-ray Crystallinity in Percent of “As Obtained”
and “Reprecipitated” PEKEKK Samples before and after
Annealing at 230 °C for 15 min

as obtained reprecipitated
sample untreated annealed untreated annealed
P1 11 26 17 25
P2 13 27 15 24
P3 9 24 13 23

the diffraction peaks (Figure 6). Thus, with increasing
temperature, an intensity decrease of the peaks corre-
sponding to form Il and a concurrent intensity increase
in the maxima associated with form | is observed. Form
Il disappears at higher temperatures (375 °C).

The X-ray crystallinity values from the as obtained
and reprecipitated samples before and after annealing
are presented in Table 4. The crystallinity values for
the sintered samples are smaller than for the repre-
cipitated ones. After annealing, both the as obtained
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Figure 7. WAXD diffractograms for samples P1 and P3 after
the second DSC run for samples before (top) and after (bottom)
reprecipitation.

and the reprecipitated samples show similar crystal-
linity values. For the reprecipitated samples the degree
of crystallinity appears to decrease with increasing
viscosity or My,.

X-ray diffractograms were also obtained for the melt-
crystallized material (samples after second DSC run).
Samples as obtained showed much less defined diffrac-
tograms than the reprecipitated samples (Figure 7).
Thus, while sample P1 shows a diffractogram similar
to that of P1R, sample P2 shows a lower crystallinity
(not included in Figure 7) and P3 can be considered
amorphous.

Although sample P3 shows a large number of isolated,
very small needlelike particles together with the larger
ones, a separation of the needlelike particles, in a
convenient amount, from the larger particles was un-
successful. Glass capillaries with 0.7 and 2 mm diam-
eters were filled with material from the P3 sample and
the X-ray scattering patterns were obtained. While the
thin capillary sample only showed a very broad ring
centered around 21° (26 ), the wider one showed an
X-ray pattern with well-defined rings. These results
suggest that the smallest particles of P3 are mainly
amorphous.

Infrared Dichroism Study. In the case of sample
P3 the optical and SEM photographs reveal the presence
of very small needlelike particles which show well-
defined crystal habits. Nevertheless, as mentioned
above, the X-ray scattering patterns of these particles
reveal the occurrence of an amorphous structure. Since
the appearance of crystal habits in a particle would be
the result of some molecular organization during its
growth, we have used infrared dichroism'® for the
investigation of these needlelike particles.

Figure 8 illustrates the polarized infrared spectra of
a single needle particle of the P3 sample. The longest
particle size direction was taken as the reference to
apply parallel and perpendicular polarized light. We
can see that those bands which can be related to the
phenylene ring? (1589 and 1495 cm™1 (vc—c), 1162 and
927 cm™?! (out of plane H vibration mode in the para-
phenylene ring)) and the set of bands (1309, 1276 and
1235 cm™1) associated with the phenylene linked to the
keto group!® and aromatic ether group show a remark-
able dichroism. The intensity of these bands is much
larger for parallel polarized light. On the contrary, the
band at 1657 cm™1, associated with the keto group?’
shows a very small dichroism and the band intensity is
slightly larger for the perpendicular polarization.
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Figure 8. Polarized infrared spectra of a single needlelike
particle of P3 sample: (dotted line) Il; (solid line) C.

Discussion

The above results will be discussed with reference to
the influence of polymerization conditions on the ther-
mal properties and to the microstructure of the particles
as obtained and of their modification after annealing
and reprecipitation. The influence of molecular weight
(viscosity) and isomeric defect structures on the archi-
tecture of particles as obtained and their thermal
properties will also be pointed out.

(a) Thermal Properties. The DSC thermograms of
the obtained polyketones reveal the melting behavior
which is typical of semicrystalline polymers. It is to be
noted that the thermal properties measured from both
the first and second heating DSC scans seem to depend
mainly on molecular weight (Table 2). Hence, an
increase of molecular weight (viscosity) results in an
increase of the melting points observed in the first DSC
scan. Furthermore, a broader endothermic peak is
observed for sample P1 which shows the smallest
viscosity value but the highest amount of defect struc-
tures (Table 1). Thus, a contribution of defect structures
to the observed lowering of Ty, (from P1 to P3) cannot
be discarded. According to the second DSC runs the Ty
values increase with molecular weight as expected.
However, the T, values decrease with increasing mo-
lecular weight. This could indicate a decreasing size
or quality of the crystals grown on cooling the sample
after melting. Such an effect could be due to a decreas-
ing chain mobility going from P1 to P3 because of the
differences observed in molecular weight.

It is worthwhile to compare the thermal behavior
observed for samples as obtained (Figure 1 and Table
2) with that of the reprecipitated samples (Figure 3 and
Table 3). As illustrated elsewhere,!® the samples show
very different morphologies when observed by optical
microscopy.

By reprecipitation of the samples we are erasing the
likely influence of the particles architecture on the
thermal properties which will reflect, in turn, the
influence of molecular weight and microstructure of the
sample. Since weight losses during reprecipitations are
small (less than 2.5%), the chemical composition of the
reprecipitated polyketones should be assumed to be
identical to that of the obtained polyketones. On the
whole, a systematic increase of T, and Tg and enthalpic
values was found for the reprecipitated samples in
relation to the as obtained ones. Besides the changes
observed in T, and Tg values after reprecipitation of
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Table 5. Influence of Sample Preparation on the
Polymorphism in PEKEKK Materials

melt crystallized

as obtained reprecipitated as obtained reprecipitated
P1 form Il + (form I)2 form | form | form |
P2 form Il + (form I)2 form | form I¢ form |
P3 form Il + form IP form | amorphous form |

a Form I could not be ruled out. ® Form 11 is dominant. ¢ Sample
with very low crystallinity.

the samples (see Tables 2 and 3) the corresponding
second DSC runs reveal a clear different thermal
behavior between as obtained and reprecipitated samples.
In the first case, a cold crystallization peak is observed
for the three samples, while in the case of reprecipitated
samples, the cold crystallization peak is not observed.
This result could be attributed to a different ability of
the samples to crystallize on cooling after the first DSC
run. Hence, the capability for crystallization is total in
the case of reprecipitated samples and only partial for
as obtained samples. Thus, the cold crystallization
enthalpy values are smaller than the melting enthalpies
for P1 and P2 samples (Table 2) while for P3 these
values are similar. The difference between both crys-
tallization and melting enthalpies is much larger for P1
(22 J/g) than for P2 (6.6 J/g) and nil for P3.

(b) Polymorphism and Crystallization Condi-
tions. The variations observed in the X-ray diffracto-
grams (Figure 6) and diffraction patterns upon anneal-
ing of the samples are in line with the polymorphism
observed in related polyketones. We can say that the
as obtained samples appear predominantly in the
crystallographic form 11, though the presence of form |
is not ruled out. Upon annealing, a crystal transforma-
tion of form Il into form | occurs. This crystal conver-
sion seems to be more effective for higher annealing
temperatures and also for longer thermal treatments,
as expected. It is worth noting that polyketones as
obtained, i.e. crystallized from solution reaction (pre-
cipitation polycondensation), exhibit mainly form I (see
Figure 4) while the reprecipitated samples show only
form | (Figure 5).

The X-ray diffractograms obtained from the melt-
crystallized samples (from DSC measurements after the
second run) clearly support the above mentioned dif-
ferences between reprecipitated and as obtained samples
(Figure 7). In the case of samples as obtained only
sample P1 shows X-ray scattering patterns similar to
those of reprecipitated samples while the diffractogram
of sample P2 (not shown in the figure) denotes a very
low crystallinity level and that of sample P3 would
correspond to an amorphous material. In the case of
reprecipitated samples the X-ray diffractograms reveal
a similar semicrystalline character for all three samples.
It is noteworthy that the X-ray diffractograms of melt-
crystallized material correspond to form I, in agreement
with Gardner’s observations. Table 5 summarizes the
influence of the preparation conditions on the polymor-
phism observed in these polyketone materials contain-
ing a proportion of carbonyl linkage groups of 60%.

(c) Arrangement of the Polyketone Chains in
the Needlelike Particles. It is worthwhile to recall
the amorphous character exhibited by the smallest
particles of sample P3 (which showed birefrigence and
crystal habit), while larger P3 particles are semicrys-
talline. A short thermal treatement of the sample is
sufficient to develop crystallinity in these particles. This
indicates that for this particular sample having a very
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much higher viscosity (molecular weight) the still grow-
ing chains in the precipitated particles could not pack
properly (i.e. in crystallographic register), yielding both
amorphous and poorly semicrystalline material. How-
ever, results obtained from IR dichroism indicate that
polymer chains are aligned parallel to the longest
dimension of the needle particle. Taking into account
the chain conformation of linear polyketones in which
ether and keto groups, linking para-phenylene rings, are
on the edges of an all-trans planar conformation,”~10 the
infrared results shown in Figure 8 can be explained if
polyketone chains lie parallel along the longest particle
dimension. Furthermore, the chains would laterally
pack at random which would result in a uniaxial
orientation with the main axis parallel to the direction
of the longest particle size. As a result the C—C and
C—H bonds of the phenylene rings would show a
permanent dipolar moment parallel to the chain direc-
tion and, consequently, their associated IR bands will
exhibit dichroism. On the other hand, since the stretch-
ing vibration mode of the C=0 bond is perpendicular
to the chain direction and because of uniaxial orienta-
tion of needle particles, the corresponding band at 1657
cm~t will not exhibit such a high dichroism. Indeed,
only a small dichroism is observed for the vco band at
1657 cm™1,

(d) Isomeric Chain Defects and Chain Entangle-
ments. From the foregoing the influence of molecular
weight on the chain mobility is evident. Chain mobility
is, in turn, responsible for the thermal behavior ob-
served and it determines the ability of chains to crystal-
lize from the melt. However, even if the relative amount
of defect structures is small (Table 1), their influence
on the architecture developed in the growing precipi-
tated particles cannot be discarded. One may speculate
that the presence of defect structures (ortho and meta)
might be responsible for an entanglement between
growing chain segments. Chain entanglements could
be released by reprecipitation of the samples, allowing
the material to crystallize better, as indicated by the
higher enthalpy and T, values observed in relation to
those for as obtained samples.

Taking into account the relatively high viscosity
values observed for the three samples (Table 1) and
given the low flexibility of polyketone chains one could
attribute the increasing Ty, values not exclusively to the
changes in M,y (viscosity) but also to the smaller amount
of defect structures found when going from P1 to P3.

One might think that reprecipitated polymers could
crystallize from the melt more easily than as obtained
ones do, as occurs here. One may speculate that this
could be due to a chain disentanglement during polymer
solution which would increase the chain mobility in the
reprecipitated polymers in relation to that of as obtained
polyketones.

Conclusions

The level of crystallinity and the melting behavior of
the polyketones investigated primarily depends on the
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molecular weight. Similar to other polyketones, PE-
KEKK shows two polymorphic forms: form Il, less
stable, is currently observed in the samples, while the
reprecipitated polymer preferentially shows form 1.
Form 11 is partially converted into form | upon short
annealing treatment of the material, and it is totally
converted after crystallization from the melt. The
crystallinity of samples seems to decrease with increas-
ing molecular weight (viscosity), while the correspond-
ing melting temperatures increases. Second DSC runs
show decreasing T, values with increasing molecular
weight in both as obtained and reprecipitated samples.
This result highlights the influence of molecular weight
on the chain mobility and consequently on the crystal-
lization process from the melt as well as the thermal
behavior observed upon heating. Similarly to molecular
weight, isomeric defects in the chains also seem to
govern the building up of the particles, thus affecting
the chain mobility which finally determines the thermal
behavior and the ability of chains to crystallize.
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