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Abstract

The crystalline structure of a number of random polymers of perfectly alternating l-olefins/carbon monoxide aliphatic polyketones has
been studied by wide angle X-ray scattering (WAXS), small-angle X-ray scattering (SAXS), differential scanning calorimetry (DSC) and
Raman spectroscopy. From previous studies, WAXS, Raman and DSC have shown to be suitable techniques for the characterisation of the
two crystalline polymorphs, a (denser) and 3, detected in ethene/carbon monoxide (ECO) and in ethene/propene/carbon monoxide (EPCO)
polymers. In this paper for the first time, polyketones with butene and hexene as the second olefin are reported. It was found that the ethene/
propene/carbon monoxide polymers and ethene/butene/carbon monoxide (EBCO) polymers, predominately contain the (-rich crystalline
phase. The crystalline density of this phase drops with increasing second olefin content, albeit at a faster pace for propene polymers. From the
latter results, and from the behaviour of the melting point, crystallinity, and crystal thickness across composition, inclusion of methyl and
ethyl side chains into the crystals as defects was inferred. Ethene/hexene/carbon monoxide (EHCO) polymers do seem to behave differently:
they show lower crystallinity, the presence of a larger quantity of the denser « crystals and a relatively high and constant crystalline density
for the 3 phase throughout composition; observations that unambiguously support the exclusion argument for the butyl branches. The above
behaviour is surprising since for instance in polyethylene copolymers it is considered that only methyl branches can enter the crystal lattice.
The relative presence of a crystals was found to decrease with increasing the concentration of branches and in the order EHCO >
EBCO > EPCO. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aliphatic polyketones are a family of polymers prepared
by the polymerisation of olefins and carbon monoxide, in a
perfectly alternating sequence, by means of palladium-
based catalysts [1,2]. As a consequence, the mol-ratio
olefins/carbon monoxide is one for all compositions. In
order to produce polymers with varying melting points, a
second olefin (propene, butene, etc.) is introduced in the
polymerisation reaction substituting randomly for ethene.
The introduction of the second olefin results in a tailor-
made range of new materials with very attractive physical
characteristics for commercial purpose. These semicrystal-
line thermoplastic materials have a unique combination of
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mechanical, high temperature, chemical resistance, wear
and barrier properties. Aliphatic polyketones therefore
have significant potential in a broad range of engineering,
barrier packaging, fibre and blend applications [3,4].

The original structure that Chatany et al. [5,6] determined
for aliphatic polyketones is directly analogous to the struc-
ture of polyethylene, space group Pnam (No. 62) but with
c axis increased by three times to account for the carbonyl
group. More recent work by Lommerts et al. [7] and Klop et
al. [8] reported a denser phase. It had the same space group
No. 62 but a different setting Pbnm. They designated this
denser phase (density ~1.39 gcm ) alpha (a) and the
original structure characterized by Chatany (density
~1.3 gcmfa) beta (). Both crystalline structures have
two polymer chains in all trans conformation along the ¢
axis, but differ in the mode of chain packing. The o form
arises from a highly efficient dipolar intermolecular inter-
actions within the lattice and has been reported to be in
perfectly alternating polymers of ethylene and carbon
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monoxide with the amount increased by orientation. The
less dense B form can accommodate more defects, both
along the backbone and as side chains, as well as being
the stable form at elevated temperatures before melting
[8]. From a recent paper [9], cold-drawing of some EPCO
polymers has been reported to promote the production of «
crystals, in particular at low draw rate.

Raman spectroscopy characterisation of a range of EPCO
ex-reactor aliphatic polyketones powders, revealed spectral
differences in the —CH,— bending region [10]. These differ-
ences were attributed to factor group splitting arising from
the different polymorphs described earlier. Hence, this tech-
nique proved to be very useful to rapidly characterise the
crystalline polymorphism present in these polymers. More-
over, methodologies were provided to determine from the
Raman spectrum other essential structural information, e.g.
the propene incorporation, temperature-induced chemical
changes, crystallinity content, etc. In this paper, the assign-
ment of the weak differential scanning calorimetry (DSC)
endotherms seen at around 100 °C (well below the polymer
melting point) to solid—solid phase transformation from « to
B phase was unambiguously proved. A further study [11]
devoted to the study of the crystalline morphology of an
ECO and a number of EPCO compression moulded samples
by Raman, wide angle X-ray scattering (WAXS) and DSC
techniques showed (i) an excellent agreement between the
results drawn by the three different techniques and (ii) the
o/ ratio followed trends similar to those reported by Klop
et al. in Ref. [8]. Thus, while the ECO polymer was found to
exhibit a mixture of o and (3 phase, EPCO polymers pre-
dominantly showed a 3 phase above 2.9 mol% of propene
incorporation. Therefore, the ratio a/f is larger in ECO
polymer and decreases rapidly with increasing second olefin
content in propene polymers (EPCO). Moreover, other para-
meters like crystalline density, heat of fusion and melting
point were seen to decrease with increasing propene level in
the samples. The decrease in the crystalline density was
principally caused by the enlargement of the a cell para-
meter of the orthorhombic lattice.

In the current study, we report and discuss the effects of
varying the type and content of side chain (branching) on
the crystalline morphology of a number of aliphatic poly-
ketones as observed by WAXS, small-angle X-ray scatter-
ing (SAXS), Raman spectroscopy and DSC.

2. Experimental
2.1. Materials

The aliphatic polyketones, ECO, EPCO, EBCO and
EHCO, used in this study were synthesized at BP Chemicals
using a proprietary palladium-based catalyst. The materials
were supplied in the powder form as obtained from the
production process.

Films of 150 pm thickness were compression moulded at

a temperature above the melting point, using an electrically
heated hydraulic press and cooled under pressure at
15°C min~' to room temperature.

Sample codes are as follows: ECO is a perfectly alter-
nating ethene/carbon monoxide polymer. EPCO is a
perfectly alternating ethene/propene/CO polymer where
the propene substitutes randomly for ethene. EBCO is a
perfectly alternating ethene/butene/CO polymer where the
butene substitutes randomly for ethene. EHCO is a perfectly
alternating ethene/hexene/CO polymer where the hexene
substitutes randomly for ethene.

The mol% of propene, butene and hexene as measured
by 'H NMR is given in parenthesis attached to the above
codes throughout the paper. As an example, EPCO(2.9)
designates a polymer comprising 2.9 mol% of propene,
47.1 mol% of ethene and 50 mol% of carbon monoxide.
The weight average molecular weight (M,,) determined by
gel permeation chromatography ranges from 105 000 to
200 000, albeit it is for most of the samples around
130 000, relative to PMMA standards and the poly-
dispersity index is between 2.1 and 2.9.

2.2. Raman equipment

The spectra were recorded with a Raman system [12]
comprising of JY THR1000 single monochromator, Wright
instruments CCD camera, Ti sapphire laser at 752 nm, with
a Kaiser holographic edge filter. Typically 50 mW of laser
light was used at the sample with a X 20 long distance
microscope objective. Integration times were around 20 s

and the spectral resolution is 3 cm .

2.3. Wide angle X-ray scattering

The X-ray data were obtained in a Bruker D500 diffracto-
meter operating in reflection mode. The thin polymer films
(~0.11-0.26 mm) were mounted on a single crystal silicon
substrate cut to give no background scattering. The data
were fitted, with pseudo-Voigt functions, using the Philips
program PROFIT to determine peak positions, intensities,
widths and integrated areas [13]. The peak positions were
corrected for absorption into the sample by using the follow-
ing formula by Vonk and Wilson [14,15].

sin 260 2t cos 0

A26(radians) = — 20k  R(e2nreosec § )

where R is the radius of the diffractometer, 7, the sample
thickness and u, the linear absorption coefficient.

The cell parameters determined by a least squares fit to
about 7—10 reflections using the Bruker program Appleman.
Well-resolved reflections were given a high weighting and
the very weak or poorly resolved ones a low weighting in
the fitting procedure. In several instances there was a lack
of strong reflections with an index of one, thus the value for
the ¢ cell parameter has not really been determined but
rather allowed to refine using as input the literature value.
Crystalline densities (p.) have been calculated from the
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Fig. 1. WAXS patterns of a material showing mainly o phase (bottom) and
of a material showing only 3 phase (top).

experimental cell parameters assuming that the unit cell
contains just two polyketone chains.

2.4. Small-angle X-ray scattering

Data were collected in an automated step scanning Kratky
camera with a Cu K, X-ray source. The data were processed
in a modified version of Vonk’s program [16]. Values for
the long period repeat obtained by applying Bragg’s law to
the maximum of the desmeared Lorentz corrected data
and from the maximum of a one dimensional correlation
function.

2.5. Differential scanning calorimetry

The DSC experiments were carried out in Perkin—Elmer
DSC 7 calorimeter at a heating speed of 10 °C min~' on
typically 4 mg of sample cut from the same films used for
WAXS measurements. The calibration of the DSC was
carried out with a standard sample of tin.

3. Results
3.1. Crystalline polymorphism

Fig. 1 shows the WAXS patterns of two extreme samples

Table 1

Relative Intensity

2h 2‘2 24 26 28 30 32
2 Theta (deg)

Fig. 2. WAXS curves of, from top to bottom, ECO, EPCO(1.2),
EHCO(2.3), EHCO(4.8), EBCO(4.8), EPCO(2.9), EPCO(5.1), EPCO(7.2).

in terms of polymorphism, the bottom curve shows a high
content of o phase, whereas the top curve shows pre-
dominantly (3 phase peaks [11]. A comprehensive descrip-
tion of the WAXS peak assignments and of modelling work
leading to the characterisation of the two-polymorph lattices
is given in Refs. [5—8]. The peaks at 29 and 31° relate to the
(210) reflection of the 3 and « phases, respectively. Because
they are well resolved, they have been used for phase
identification as well as to quantify the ratio of these phases
[11]. The WAXS data of a number of polyketone samples
varying in second olefin type and content are shown in
Fig. 2. The major differences among the WAXS patterns
of the samples arise form variations in the ratio of « to {3.
Fig. 1 shows that the peak at 31° assigned to the o phase
crystals has the largest intensity for the ECO sample closely
followed by EPCO(1.2). This peak is also clearly present in
the EHCO materials measured. On the other hand, in the
EBCO(4.8) sample and in the other EPCO materials (above
1.2 mol% of propene) this reflection is very weak or not at
all present. Table 1 shows the WAXS peak are ratio 31°/29°
for the different samples. The relative intensities of the latter
peaks were used to calculate weight fractions of each phase
(see Table 1). The calibration can be performed by making
up standards of known content or calculating the X-ray data

Area ratio of (210) reflections 31°/29°, %a phase in the crystalline fraction from the (210) reflections and in parenthesis by Rietveld, the heat change associated
with the solid—solid phase transition, the estimated enthalpy for the perfect crystal (Hy) using as input WAXS crystallinity, and the Raman « phase —CH,—

bending splitting separation

Sample WAXS Hepeg™h HiJg™ —CH,- bending

splitting (cm ")
o/ % o

ECO 1.13 53 (45-55) 11.6 196.4 25

EPCO(1.2) 0.43 30 5.8 149.8 24

EPCO(2.9) 0.08 8 - 132.5 -

EPCO(5.1) <0.01 <1 - 1322 -

EPCO(7.2) 0 0 - 146.2 -

EBCO(4.8) 0 0 - 151.7 -

EHCO(2.3) 0.22 18 3.4 168.7 24

EHCO(4.8) 0.09 8 (5-15) 1.5 157.0 22
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from known structures and determining the ratio of the scale
factors say be Rietveld refinement. Here, the ratio of the
(210) reflection to the strongest interchain scattering peak
was calculated from data in the literature giving a value of
0.145, from (210)/(110), for the o phase. For the B phase,
(210)/(110) + (200), a value of 0.137 was calculated.
Because these values are approximately the same, the
ratio of the (210) has been taken as the o/ phase ratio.
Attempts have also been made to analyse some of the data
(Table 1) by Rietveld profile refinement (using the Philips
crystallography program X’pert Plus) to obtain the weight
fractions of each phase. Difficulties arose in performing a
rigorous background correction, because of the considerable
peak overlap and because the structures may be slightly
different from those reported in Refs. [5—8]. Therefore, a
range of best solutions is given, which are in a reasonable
good agreement with the a fraction as derived from the ratio
of the (210) reflections. From Table 1 it is confirmed that
the ECO, EPCO(1.2) and the EHCO samples have the
larges fraction of o crystals and in the order ECO >
EPCO(1.2) > EHCO(2.3) > EHCO(4.8) > EPCO(2.9).

The width of the X-rays peaks (below 35°) was found to
be approximately constant (0.5° 26) for all the samples
implying that the crystallite size perpendicular to the poly-
mer chain is about 200 A. Some subtle differences were
seen though between samples in the intensities of the
{hk1} reflections relative to those of the {#k0} ones. For
EBCO(4.7) the intensity of the {hk1} reflections was high
relative to that of the {hk0O}s. This suggests better order
along the polymer chain or alternatively a difference in
orientation. However, subsequent work looking at differ-
ences between X-ray data collected in reflection and
transmission only confirmed some orientation in sample
EPCO(2.9). For all these samples, it was observed that the
intensity of the {hk1} reflections relative to the {hk0} was
substantially lower than those reported by Lommerts et al.
[7] in drawn fibres and slightly lower than those given by
Chatany [5]. This difference is probably mainly caused by
drawing but there could be a small difference related to
perfection along the chain.

A previous study carried out on ex-reactor aliphatic poly-
ketones using Raman spectroscopy showed the potential of
this technique for the elucidation of the physical and
chemical structure of this family of materials [10]. Different
Raman bands seen in the —CH,— bending vibrational range
of different materials, were assigned to the o and (3 crystal-
line polymorphs proposed in the literature and discussed
earlier (see Fig. 3). The presence of a band at 1440 cm ™'
was assigned to the o form and is thought to arise from a
factor group splitting effect in the orthorhombic lattice simi-
lar to that observed for other polymers, such as poly-
ethylene, polyoxymethylene, etc. On the other hand, the
presence of a band at 1430 cm ™' was attributed to the less
packed distorted B form. This band was thought to arise
from a weaker factor group splitting resulting in a smaller
separation with the other component of the splitting, i.e. the

Intensity(Ct/s)

A -~

13‘50 WAED 14‘50 15IUU 15‘5EI WE'DU 15‘50 17:]0 WISU 1E|Dﬂ

Wavenumber (cm™)

Fig. 3. Raman spectra in the range 1350—1750 cm ™" of (top) a sample with
B form crystallinity and (bottom) of a material with a form crystallinity.

band at 1415 cm ™', This band at 1415 cm ™' is seen in all
samples and it was tentatively assigned to the other com-
ponent of the splitting for both polymorphs. Though this
band is slightly shifted towards higher wavenumber in
samples with 3 form, as a consequence of the reduction in
interchain interaction induced by higher lattice volume.
This band at ca. 1415 cm ™' is, therefore, common to both
splittings. Some materials showed the three bands pointing
to a crystal phase mixture of both structures. A more
detailed discussion of this spectroscopic phenomenon seen
in the —CH,— bending region and of the quantitative struc-
tural information that it can gathered in terms of crystalline
polymorphism and crystalline density for aliphatic poly-
ketones is drawn in Refs. [10,11].

A number of ex-reactor powder polyketone samples
namely, i.e. ECO, EPCO(5.1), EBCO(4.8) and EHCO(4.8)
materials, were measured by Raman spectroscopy (see Fig.
4). By considering the above band assignments, it can be
seen that the ex-reactor ECO and EHCO samples show a
higher a-rich crystalline phase, i.e. higher presence of «
crystals, whereas the EPCO polymer and, to a lesser extent
the EBCO polymer, show a B-rich crystalline phase with a
very low/absent and low pressure of a phase, respectively.
Thus, for a relatively high second olefin incorporation

EHCO(4.8)

Intensity(Ct/s)

EBCO(4.8)

EPCO(5.1)

.
1360 1330 1410 1420 1240 1460 1480 1500

Wavenumber (cm!)

Fig. 4. Raman spectra in the range 13501530 cm ™" of, from top to bottom,
ex-reactor ECO, EHCO(4.8), EBCO(4.8), EPCO(5.1).
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Fig. 5. Raman spectra in the range 1350—1530 cm ™" of, from top to bottom,
ECO, EPCO(1.2), EHCO(2.3), EHCO(4.8), EBCO(4.8), EPCO(2.9),
EPCO(5.1), EPCO(7.2).

(resulting in branching) the ranking of o phase produced is
in the order ECO > EHCO > EBCO > EPCO.

The Raman spectra of the compression moulded films,
used for the WAXS measurements, are shown in the range
of interest in Fig. 5. It is a general observation that com-
pression moulding of the ex-reactor material results in a
reduction of the original a phase present in the powder
form (compare Figs. 4 and 5). Fig. 5 shows that the band
at 1440 cm !, assigned to the « crystals, shows higher inten-
sity for the ECO, EPCO(1.2) and EHCO samples, and in the
order ECO > EPCO(1.2) > EHCO(2.3) > EHCO(4.8) >
EPCO(2.9). Furthermore, this band is very weak or absent
for the EBCO polymer and for the EPCO polymers with
higher propene contents. Consequently, the Raman ranking
of the o phase is seen qualitatively similar to that measured
by WAXS (see Fig. 2).

Some of the samples were also scanned on heating by
DSC. Upon heating a solid—solid phase transformation
from « to B is thought to be triggered at around 100 °C.
The B phase is the favoured phase for the polyketone crys-
tals prior to melting. This temperature-induced phase
change was unambiguously proved by Raman spectroscopy
[10]. Fig. 6 displays the DSC heating endotherms of a
number of polyketone samples. From the top curve in the
figure, two clear endotherms peaked at 85 and 105 °C can be
seen for the ECO sample. Some smaller endotherms can
also be detected at different temperatures for the samples
EPCO(1.2), EHCO(2.3) and EHCO(4.8). On the other hand,
in the EBCO(4.8) and EPCO(5.1) samples, the endotherms
are smaller or hardly discerned over a noisier baseline. The
solid—solid phase change enthalpies were measured from
the DSC runs of the samples that showed clear endotherms,
and are gathered in Table 1. From the latter values, the phase
change enthalpy for a perfect a crystal can be estimated
using as input the a phase content measured by WAXS.
This value is measured to be 32 + 3 J g~ '. The error was
found to be higher in the case of the sample EHCO(4.8) due
to the very low content in « phase present in this sample.
From Fig. 6, the EPCO(1.2) and EHCO(4.8) samples show
the phase change endotherms at around 60 °C and above.

Endo Up (W/g)

40 60 80 100 120 140

Temperature (°C)

Fig. 6. DSC endotherms between 20 and 130 °C (phase transition range) of,
from top to bottom, ECO, EPCO(1.2), EHCO(2.3), EHCO(4.8), and
EBCO(4.8) and EPCO(5.1).

The presence of transition peaks at, or from, lower tempera-
ture for these materials could be associated with lower
crystal thickness and, to explain the multiplicity, with a
distribution of o phase crystal sizes. As the phase change
enthalpy for a perfect crystal is found to be rather constant
across composition, at least for samples with o phase
content higher that this in sample EHCO(4.8), the perfection
of the a phase crystals must be similar among the different
samples. The EBCO(4.8) and the corresponding EPCO(5.1)
sample did not show such a clear a—f3 transition, in agree-
ment with the very small/absent presence of a crystals
measured by WAXS and Raman. From the above experi-
ments, it can be deduced that all polyketone samples may
have, to a higher or lower extent, o crystals as this is the
most effective packing lattice in terms of maximizing the
dipolar interchain interactions for this polymer; however,
the presence of this o phase tends to be low, undetectable
or absent in EPCO and EBCO polymers with relatively high
levels of second olefin incorporation. For comparable levels
of second olefin incorporation EBCO polymers exhibit
somewhat higher proportion of a crystals than EPCO poly-
mers (see Fig. 4).

3.2. Crystalline density by WAXS

The crystalline density of the dominant (3 phase present
in the aliphatic polyketone samples studied here together
with that from a number of other samples measured earlier
at BP Chemicals laboratories with different contents and
types of second olefin are plotted in Fig. 7. The crystalline
density (using six reflections) of the a phase was only
attempted for the ECO polymer because this sample showed
the greatest proportion of this phase. This gives a value of
1.453(%0.005) gr cm . Earlier work showed that the
decrease in crystalline density exhibited by aliphatic poly-
ketones is mainly due to the enlargement of the a unit cell
parameter [11]. Fig. 7 shows that the crystalline density
tends to decrease with increasing comonomer content for
EPCO and EBCO materials, whereas it stays rather constant
for EHCO materials in the composition ranges studied. At a
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Fig. 7. Crystalline density as a function of second olefin content for a
number of aliphatic polyketone materials as determined by WAXS experi-
ments.

comparable second olefin concentration, EBCO polymers
show higher crystalline density than EPCO polymers. The
latter polymers clearly show two regimens in crystalline
density namely, a rapid exponential-like decay with increas-
ing propene content up to about 3 mol%, followed by a
linear decrease upon further incorporation. This indicates
that introduction of the first methyl branches has the largest
impact on the crystalline density of the 3 phase. Unfortu-
nately, sufficiently low second olefin concentration poly-
mers are not available in the case of butene and hexene
polymers. Nevertheless, it seems that the effect of introdu-
cing few ethyl branches in EBCO polymer has a more gentle
impact on the density of the (3 phase crystals present. EHCO
polymers are clearly different though, their 3 phase crystal
density does not vary with composition across the composi-
tion range studied. The constant crystalline density seen for
these polymers is higher than that of EPCO polymers with
propene contents above 1 mol% and lower that EBCO poly-
mers with butene contents below 4.5 mol%. The rough
separation (in cm ') between the two components (1440—
1415cm™") of the Raman —CH,— bending factor group
splitting for the o phase (estimated by curve-fitting of the
Raman data as explained in Refs. [10,11]) is also given in
Table 1. From this, it is seen that the splitting separation
appearstodecreaseslightlyintheorderECO > EHCO(2.3) =
EPCO(1.2) > EHCO(4.8). This effect can be also qualita-
tively observed in Figs. 4 and 5. As the reduction in the
splitting separation is associated [11] with an increase in
lattice volume, it could be that the crystalline density of
the o phase is being reduced somewhat in the cited order.
It should be borne in mind that the content in « phase
determined by WAXS and Raman was found lower in
EPCO and EBCO polymers and higher in EHCO polymers.
These results can now be explained by realizing that as the
concentration of branches rises, the chain sequences in
EPCO and EBCO crystals are accommodated into a
progressive more defective and thus lower crystalline

density 3 phase. At this stage, it is worth noting that the
true crystalline density of EPCO and EBCO materials
cannot be accurately determined as we assumed for the
calculations of the crystalline densities shown in Fig. 7
that only ECO (branch-free) chain segments build into the
crystals. These results could be given as unit cell volumes
but have been given as densities for ease of comparison with
other published work.

3.3. Crystallinity

The heat of fusion and the crystallinity as determined by
DSC and WAXS, respectively, of a number of polyketones
samples are shown in Fig. 8. The heat of fusion was deter-
mined by integration of the endotherms seen from around
30 °C, and therefore includes the solid—solid phase change
transition peaks, up to the end of melting. The heat of fusion
clearly varies with the type of second olefin incorporated
(see Fig. 8a). Thus, this is generally found to decrease
(though not linearly) with increasing second olefin content,
but for the same level of incorporation the heat of fusion
decreases in the order EPCO > EHCO > EBCO. Fig. 8b

(@) 140
" 4 EPCO
o EBCO
1204 + EHCO
5
2
c 4
s '
» ¥y
w
L3
S 80 o
g e
T s e a
60 &
40 : ; .
0 2 4 6 8
Mol% Second Olefin
(b) 44
4 EPCO
o7 o EBCO
[ S A + EHCO
B
2
€ 06 A
= A
® <,
2 054
o ..
%)
>< A
< 04
3 "
03
02 : :

4
Mol% Second Olefin

Fig. 8. (a) Heat of fusion as determined by DSC and (b) WAXS crystallinity
as a function of second olefin content for a number of aliphatic polyketone
materials.
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shows the WAXS crystallinity as a function of second olefin
concentration and type. From this figure, the crystallinity
also decreases with increasing second olefin concentration
but differently with respect to the heat of fusion, i.e. in the
order EPCO > EBCO > EHCO. The crystallinity of EHCO
polymers is found to decrease more rapidly than that of
EBCO and EPCO polymers, and in addition EPCO poly-
mers are more crystalline than EBCO polymers. Interest-
ingly, the decrease in WAXS crystallinity for the EPCO
polymers appears to be arrested at low second olefin
concentration, whereas the heat of fusion was seen to
decrease more rapidly in the same range. It is worthwhile
noting that the film of the sample EPCO(2.9) measured by
WAXS was found to be slightly oriented. Therefore, its
crystallinity could be somewhat overestimated, hence the
scatter in Fig. 8 for this sample. Although, no polymers of
sufficiently low butene and hexene concentration are avail-
able to compare the crystallinity behaviour, by extrapolation
to lower contents it would appear as if hexene polymers
showed a tendency to decrease crystallinity in a more
progressive and rapid manner across composition than
propene and butene polymers. The discrepancy between
the WAXS crystallinity and the DSC heat of fusion is
quite marked for hexene polymers and for low second olefin
content EPCO polymers, i.e. for polymers with higher o
phase content and higher (3 phase crystalline density. In
order to shed light into the cause of this discrepancy, the
heat of fusion for a perfect polyketone crystal was also
calculated using as input the WAXS crystallinity (see
Table 1). From this table, it can be observed that far from
being a constant value, the heat of fusion for a perfect crystal
varies across second olefin type and content. Thus, this is
higher for the ECO polymer and decreases with increasing
propene concentration in EPCO polymers and for a similar
concentration of side chains, this decreases in the order
EHCO > EBCO > EPCO. Therefore, it is higher for those
polymers having higher content of « phase and crystalline
density. As a consequence, the heat of fusion for aliphatic
polyketones appears to be not only a result of the mass
fraction of crystals but must also be affected by the change
in crystal morphology and crystal density across composi-
tion. Therefore, a more accurate reading of the crystallinity
level present in these materials is thought to be given
by WAXS measurements. From the WAXS crystallinity
results, it can be concluded that (i) a low branch concentra-
tion is less effective in reducing crystallinity for at least
polymers with methyl branches, and that (ii) longer
branches have a larger effect on reducing crystallinity.
The higher crystallinity observed for EPCO polymers at
equal concentration of branches can be understood once
one realize that these materials are capable of packing
more chain sequences into crystals of lower crystalline
density, i.e. ease of accommodating defects into crystals.
Similarly, the lower crystallinity exhibited by hexene poly-
mers arises from inability of these polymers to accommo-
date defects in their crystals deduced from the high content
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Fig. 9. SAXS curves of samples ECO, EPCO(1.2), EHCO(2.3),
EHCO(4.8), EBCO(4.8), EPCO(2.9), EPCO(5.1), EPCO(7.2).

of a phase and the relatively high and constant crystalline
density of the (3 phase observed for these polymers.

Fig. 9 and Table 2 show the SAXS curves and the result-
ing long period repeats of the samples, respectively. The
long period was determined by two different methods.
Both methods showed similar trends although the numerical
results were slightly different, as has been reported before
[17]. The branch-free sample, ECO, gave the clearest peak
with a long period repeat of about 148 A. As might be
expected with increasing the concentration of propene the
interference peak got weaker, broader and moved to higher
scattering vectors, which implies smaller repeat distances.
Moreover, as the peaks become broader there is an
increasing range of repeat sizes, consequently the values
given are a weighted average. For samples containing
butene or hexene no interference peak was observed.
EHCO polymers showed no indication of a repeat structure
and in the EBCO(4.8) sample a weak peak was only just
observable in the correlation function. By assuming a
simple two-phase system comprising amorphous and crys-
talline phases with sharp boundaries, an estimation of the
average crystal thickness (L.) was obtained (see Table 1).
Table 2 also gives the calculated theoretical distance

Table 2

SAXS long period repeats (estimated error =5 A) as determined from the
maximum in the desmeared Lorentz corrected data (L) and from the maxi-
mum in the one dimensional correlation function (L,), the corresponding
crystal thickness and estimated average size of crystallisable sequences free
of branches along the polyketone chain

Sample LA LA LiA Lo Lyehiee (A)
ECO 148 138 101 94 -
EPCO(1.2) 142 135 97 92 134
EPCO(2.9) 108 100 73 68 53
EPCO(5.1) 100 90 56 50 29
EPCO(7.2) 90 90 39 39 19
EBCO(4.8) — 110 — 40 31
EHCO(2.3) - - - - -
EHCO(®4.8) - - - - -
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between branch-free crystallizable (given the fact that the
¢ axis of the lattice is unaffected across composition, i.e.
c=7.60A) sequences for a perfectly homogenous incor-
poration of the branches along the polyketone chain. By
comparison of the latter distance with the average crystal
thickness, we can observed that the size of the crystal in the
¢ direction tends in all samples, except in EPCO(1.2), to be
larger. This observation may indeed support, together with
the above results of crystalline density and o phase content,
the argument that inclusion of branches in the crystals must
occur in EPCO and presumably in EBCO polymers. The
fact that the crystallinity appears to decrease at a lower
pace in EPCO polymers with low levels of second olefin
may also be indicative of branches building in the crystals.
The above SAXS results are therefore consistent with the
results from other techniques. If the side chains in EHCO
are always rejected from the crystalline regions, the crystal-
line regions are more perfect but cannot build up into an
ordered lamellar repeat structure. However, with some side
chain incorporation EPCO samples can give a rather dis-
ordered repeat structure at high levels of second olefin. The
drop in crystalline density reduces the crystalline amor-
phous contrast and is a contributory factor in reducing the
intensity. The intensity is also reduced by other imperfec-
tions in the repeating structure caused by the side chains that
are rejected. Behaviour of the EBCO polymer is inter-
mediate between that of the EPCO and the EHCO materials.

3.4. Melting behaviour

The melting point (maximum of melting) and the endset
of melting (defined as the intercept between the fall of the
melting peak and the baseline) are plotted as functions of the
second olefin incorporation in Fig. 10. From this Fig. 10, it
can be observed that both temperatures clearly decrease
with increasing second olefin content. Nevertheless, while
the maximum of melting (Fig. 10a) for all polymers seems
to largely fit to a single compositional line with some scatter
for low second olefin content EHCO polymers, the endset of
melting (Fig. 10b) is clearly higher for hexene polymers
while decreases seemingly (though no linearly) for the
other two types. Fig. 11 shows some of the DSC traces.
From those, it is seen that the melting behaviour is very
complex in aliphatic polyketones; thus, and as reported
earlier [7,8], it tends to be broad and multiple for most of
the samples, especially for the EHCO sample in Fig. 11. In
this sample two largely separated melting features, one
rather broad and the other sharp, can be seen, hence the
two points plotted in Fig. 10a to represent this material. It
is therefore not surprising that these polymers do not give a
defined interference peak in their SAXS data.

The above melting point behaviour is rather surprising,
since in analogous random ethylene copolymers the melting
point has been reported to behave differently across compo-
sition [18,19]. Thus, the melting point of ethylene—propene
copolymers (resulting in methyl side chains, and therefore
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Fig. 10. (a) Melting point (maximum of melting) and (b) Endset of melting
as a function of second olefin content for a number of aliphatic polyketone
materials as determined by DSC experiments.

analogous to EPCO polymers in terms of branches) has
repeatedly been found unambiguously higher that that of
corresponding copolymers of ethylene and 1-olefins of
longer chain length. In the case of the latter ethylene
copolymers, i.e. ethylene-1-olefin copolymers where the
1-olefin is longer than propene, the melting point is found

Endo Up (W/g)

5;) lﬂﬂ 1§n ﬂllﬂ Zéﬂ
Temperature (°C)

Fig. 11. DSC traces of, from top to bottom, ECO, EPCO(1.2), EPCO(2.9),
EBCO(2.5) and EHCO(2.3).
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however to be independent of branch length, at least for low
comonomer contents. When some dependency has been
experimentally found between the latter range of copoly-
mers, this has been mainly ascribed to molecular hetero-
geneity [16]. Significant molecular heterogeneity for
polyketone polymers would be surprising because of these
polymers are known to be highly random [1-4]. A general
thermodynamic theory developed by Flory revealed that
random copolymers are expected to decrease their melting
point with respect to that of the homopolymer as the branch
concentration increases [20]. This theory assumes that co-
unit does not enter the lattice. In ethylene copolymers
however, the melting point does decrease more steeply
than predicted by the theory [18]. The discrepancy between
theory and experimental is ascribed to (I) the difficulty
in crystallizing a sufficient concentration of very long
sequences that are required to satisfy equilibrium condi-
tions, (II) the incorporation of the side chain in the crystals,
(III) the presence of very thin lamella, (IV) dilatometric
stresses at the interface due to the reduced lamella thickness,
etc. Furthermore, the interpretation of melting of branched
polymers can be complicated by phenomena such as anneal-
ing, rearrangements (solid—solid phase transformation),
multiple melting points (a pattern in aliphatic polyketones,
see Fig. 11) and recrystallization of poor crystals.

From Fig. 10b, it is observed that by linear extrapolation
of the endset melting points of the EHCO materials a value
of 273 °C is reached at the intercept with the Y axis. This
temperature is very close to that measured [7] at 278 °C in a
highly drawn ECO branch-free polymer, which was
assumed to be a good approximation of the actual equili-
brium temperature, T2 . The endset represents the tempera-
ture at which the last crystalline traces of the sample melt,
therefore corresponds to the melting temperature of the most
stable, annealed and/or recrystallized and closer to thermo-
dynamic equilibrium crystals. The equilibrium theory for a
random copolymer in which the side chains do not enter the
crystals as proposed by Flory [21,22] can be expressed by
the following equation

1 1 R
— — — =——hX
Tm Tr% Hf
where T,, is the copolymer melting point, T is the homo-
polymer melting point (TI?1 = 278 °C from Ref. [7]), H; is
the enthalpy of fusion per repeating unit (H; was estimated
to be between 4 and 6.2 kJ mol ! from Ref. [7]) and X is the
mole fraction of crystallizing units. By inputting the EHCO
endset melting point data and solving this equation for H; a
value of 4.5 kJ mol ™' (245 J g™") is obtained. This is indeed
within the range, 4-6.2 kJ molfl, of heat of fusion for a
perfect crystal reported in Ref. [7], suggesting that the
hexene polymers could be the closest polyketone polymers
to be described by the exclusion argument imposed by the
Flory equation. It is worthwhile noting though, that as the
vast majority of crystals present in a sample undergo melt-
ing at lower temperatures than the endset, it is clear from

comparing Fig. 10a and b that none of the samples with
melting point represented by the maximum of melting,
will follow the equilibrium trend in the composition range
studied here. The reasons for the discrepancy between
experimental and theory have been outlined before. A
value of H; at 245 J ¢! is indeed much higher that those
gathered in Table 1 and derived from DSC and WAXS data
of the samples studied here. It is also surprising to observe
the large discrepancy between the melting point temperature
measured for the compression moulded ECO material, i.e.
ca. 252 °C, used in this study and that at 278 °C of a highly
drawn branch-free polyketone fibre. As the main difference
between both materials is the content in a phase, exclusive
for the drawn fibre, and in spite of the solid—solid phase
change at around 100 °C, the melting point seems to be
strongly influenced, albeit not only, by the original o/
ratio phase content. As a result of all the above, much
caution should be taken when interpreting the melting
behaviour of these polymers.

4. Discussion and concluding remarks

Now it is convenient to sum up the results to provide a
feasible picture of the effects that the size of the second
olefin (which gives side chains) induce in the polyketones
crystalline morphology. WAXS, Raman and DSC data show
that ECO and EHCO polymers do contain a higher fraction
of the denser o crystalline phase. This polymorph leads
indeed to the most effective packing that maximizes the
dipolar interchain interaction, for the polyketone chains in
the ordered phase. However, EBCO polymers and particu-
larly EPCO polymers exhibit higher crystallinity and favour
the less dense 3 phase. As the latter polymers crystallize
with more impediments or defects their chains cannot pack
into the denser a phase. In addition, it is found that the
crystalline density of the 3 phase present in the different
materials also varies. The crystalline density is calculated
from the unit cell volume and thus relates to the health of the
crystals in terms of defects or impediments. EPCO polymers
exhibit a more ill-defined crystal structure, therefore, the
presence of internal defects appears evident. This was
already suggested by Klop et al. [8] for EPCO polymers.

The incorporation of the small methyl branches as defects
into the crystals must be a feasible explanation for inability
of this polymer to effectively pack the chains into the denser
lattices. Methyl branches, although still the subject of some
discussion, are widely accepted as being capable of building
into ethylene—propene copolymer crystals [18,19]. Some
debate remains also open as to whether longer branches,
such as ethyl side chains, can be accommodated in the crys-
tals or are segregated to the disordered amorphous phase.
The lack of melting point dependence with the comonomer
size in ethylene copolymer (with 1-olefins longer than
propene) strongly suggests that ethyl and longer branches
are likely to remain outside the crystals. In polyketones,
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EBCO polymers do show higher crystalline density than
EPCO polymers, indicating that ethyl branches are not as
likely as methyl branches to build into the crystals, but the
crystalline density is also seen to decrease across com-
position. Furthermore, as EBCO polymers exhibit a closer
behaviour in terms of polymorphism, melting point, and
average crystal thickness vs. branch-free crystallizable
chain sequences distance and crystallinity to EPCO poly-
mers some inclusion must also be regarded. EHCO poly-
mers are definitely different polymers than the latter two
types. The presence of larger number of crystals, a constant
crystalline density across composition for the 3 phase,
lower crystallinity, and higher endset melting temperatures
falling within the equilibrium range clearly support the
exclusion argument for these polymers. The EHCO poly-
mers must develop B phase crystals of a relatively high and
constant crystalline density at expenses of the o phase as the
branching content increases. However, a point should be
reached where the lamella becoming thinner will reduce
the crystalline density. Unit cell expansion, i.e. crystalline
density drop, is also thought to originate from lamella thick-
ness reduction due to surface dilatometric stresses, thermal
vibrations and intracrystalline defects resulting form faster
crystallization at the large undercoolings required [23]. The
cited regime does definitely not affect the 8 phase in the
range of second olefin concentration studied here because (i)
some « phase is still present and (ii) the crystalline density is
seen constant across the composition range. However, the
above effect, i.e. lamella becoming thinner, must cause the
progressive change of « crystals into high crystalline
density 3 ones as the second olefin concentration is
increased in EHCO polymers. Nonetheless, the drop in crys-
talline density observed for EPCO and also for EBCO poly-
mers is not likely to be originated from the latter effect
because the crystalline density for these materials is in
general below the constant value exhibited by the EHCO
materials; therefore, it must originate to a greater extent
from the incorporation of some branches as defects in the
crystals. The depression at a lower pace of the crystalline
density for polymers with concentrations of propene above
3 mol% could be related to the more rapid crystallinity
depression observed for these propene samples. The latter
behaviour could be attributed to branches rejected from
the crystallites into the amorphous phase as the concentra-
tion of propene increases, hence hindering more effectively
crystallization.

Two possible reasons why ethyl branches should be more
likely to build into polyketone crystals than in polyethylene
crystals proposed: (i) the cross-sectional area of the unit cell
(ab) of beta phase polyketone is somewhat larger
(~37.5 A% than that of polyethylene (~36.5 A?) and so

there is more room to accommodate a side chain; (ii) the
degree of self-association (cohesive energy) is very high in
aliphatic polyketones due to the interchain dipolar inter-
action induced by the perfectly alternating network of
carbonyl groups. Consequently, highly stable lateral cohe-
sive packing can be achieved, which may compensate the
free energy excess associated with the accommodation of
defects.
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