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Abstract

The crystalline structure of a number of perfectly 1:1 alternatinga-olefin:carbon monoxide aliphatic polyketones produced by the
polymerisation of ethene with carbon monoxide (ECO polymers) and mixtures of ethene and propene with carbon monoxide (EPCO
polymers) have been studied by wide angle X-ray scattering (WAXS), Raman spectroscopy and differential scanning calorimetry (DSC).
It is further confirmed that both WAXS and Raman spectroscopy are suitable techniques for the characterisation of the two polymorphs (a
andb) reported for these materials. DSC detected the presence of small endotherms around 1008C associated with the transition from thea to
theb phase only in the ECO material. In accordance with previous work, it is found that thea/b ratio is the highest for the ECO polymer and
decreases with increasing propene content in EPCO polymers. Above 2.9 mol% of propene incorporation, EPCO polymers show exclusively
b phase. Heat of fusion (degree of crystallinity) and melting point decreased with increasing propene level, as expected. Accordingly,
crystalline density (as determined by WAXS) and lattice interchain interaction (as determined by Raman) were also found to decrease by
increasing the propene incorporation.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aliphatic polyketones are a family of polymers prepared
by the polymerisation ofa-olefins and carbon monoxide in a
perfectly 1:1 alternating sequence using palladium catalysts
[1,2]. These polymers are semi-crystalline thermoplastics
and are reported to have a useful combination of mechan-
ical, high temperature, chemical resistance, wear resistance
and barrier properties giving them significant commercial
potential in a broad range of engineering, barrier packaging,
fibre and blend applications [3,4].

The simplest aliphatic polyketone is the polymer of
ethene and carbon monoxide. It can be regarded as a homo-
polymer of the repeat unit –(CH2–CH2–CyO)–. It has a
crystalline melting point typically between 255 and
2608C. Lower melting point polymers can be produced by
the incorporation of propene in addition to ethene. The alipha-
tic polyketones derived from a mixture of ethene, propene and
carbon monoxide can be regarded as random copolymers
of –(CH2–CH2–CyO)– and –(CH2–CH(CH3)–CyO)–
units. For brevity, throughout this paper, aliphatic poly-
ketones derived from ethene and carbon monoxide will be
designated ECO and those derived from ethene, propene
and carbon monoxide will be designated EPCO.

The original crystalline morphology that Chatani et al.
[5,6] determined for polyketone is directly analogous to
the unit cell of polyethylene, space groupPnam (No. 62)
but with thec-axis increased by three times to account for
the carbonyl group. More recently, Lommerts et al. and
Klop et al. [7,8] reported a denser phase in polyketones. It
has the same space group No. 62 but a different setting
Pbnm. They designated this denser phase (density
1.383 g cm23) alpha (a) and the original Chatani structure
(density 1.297 g cm23) beta (b). Both crystalline structures
have two polymer chains in an all-transconformation along
thec-axis, but differ in the mode of chain packing. In thea
form the carbonyl groups are closer together than in theb
one. Also, the angle between the molecular plane and thebc
plane is 268 for thea form whereas it is 408 for theb form.
The crystalline form favoured strongly depends on polymer
composition, but also on other factors like temperature,
applied stress and kinetic factors. Thea form, thought to
arise from highly efficient dipolar intermolecular interaction
within the lattice, has been reported in well-oriented
perfectly alternating polymers of ethene and carbon mono-
xide (ECO). Theb form is exclusive in ethene/propene/
carbon monoxide (EPCO) polymers above 2.5 mol% of
propene. A phase change froma to b form occurs in
oriented fibers at temperatures between 110 and 1258C
whereas the processes of spinning and drawing leads to
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the transformation of the unorientedb-rich symmetry into
orienteda-rich symmetry [7,8].

Raman spectroscopy characterisation of a range of
ex-reactor aliphatic polyketones (ECO and EPCO materials)
powders, revealed spectral differences in the –CH2– bend-
ing region [9]. These differences were attributed to factor
group splitting arising from the different polymorphs
described above. The results suggested that ECO polymers
show a crystalline structure made of a mixture ofa andb
forms. On the other hand, the EPCO polymers predomin-
antly show ab phase crystalline structure.

In the current study, wide angle X-ray scattering (WAXS)
data and the crystalline density, calculated from cell para-
meters, are compared with Raman spectroscopy and DSC
results. A unified description of the crystalline structure in
terms of the above crystalline polymorphism is provided.

2. Experimental

2.1. Materials

The aliphatic polyketones, ECO and EPCO, used in this
study were synthesised at BP Chemicals using a proprietary
catalyst. The polymer powder was used as received from the
production process.

Films of 150mm thickness were compression moulded at
a temperature above the melting point, using an electrically
heated hydraulic press and cooled under pressure at
158C/min to room temperature.

The mol% of propene in EPCO polymers, as measured by
1H NMR, is given in parenthesis attached to the code EPCO
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 typical
weight average molecular weight (Mw) determined by gel
permeation chromatography is around 130 000 relative to
PMMA standards and the polydispersity index is around
two.

2.2. Raman equipment

The spectra were recorded with a Raman system [10]
comprising of a JY THR1000 single monochomator, 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 20× long distance
microscope objective. Integration times were around 20 s
and the spectral resolution is 3 cm21.

The curve-fitting of the Raman experimental profiles was
carried out with the GRAMS Research 2000 software pack-
age from Galactic industries. Voigt (convolution of Lorent-
zian and Gaussian) profiles, no-restrictions and linear
baseline conditions were utilised. From this, band areas
and band positions were derived.

2.3. Wide angle X-ray scattering

The X-ray data were obtained with a Bruker D500
diffractometer operating in reflection mode. The thin
polymer films (<0.11–0.26 mm) were mounted on a single
crystal silicon substrate. The data were fitted, with pseudo-
Voigt functions, using the Philips programprofit to deter-
mine peak positions, intensities, widths and areas [11]. The
peak positions were corrected for absorption into the sample
by using the following formula by Vonk and Wilson [12,13]

D2u�radians� � 2
sin 2u
2mR

2
2t cosu

R�e2mt cosecu 2 1�
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Fig. 1. WAXS curves of, from top to bottom, ECO, EPCO(1.2), EPCO(2.9), EPCO(4.6), EPCO(7.2).



where R is the radius of the diffractometer,t the sample
thickness andm the linear absorption coefficient.

The cell parameters were determined by a least squares fit
to 7–10 reflections using the Bruker programappleman.
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
c cell parameter has not really been determined but rather
allowed to refine using as input the literature value. Crystal-
line densities (r c) have been calculated from the experimen-
tal cell parameters using the following equation and
assuming that the unit cell contains just two polyketone
chains

rc � ZM=VN

whereZ is the number of molecules per unit cell,M the

molecular weight,V the unit cell volume and N the
Avogadro number.

2.4. Differential scanning calorimetry

Differential scanning calorimetry (DSC) curves were
recorded in a Perkin–Elmer DSC 7 calorimeter at a heating
speed of 108C/min from 0 to 2708C on typically 4 mg of
sample cut from the same films used for WAXS measure-
ments. The calibration of the DSC was carried out with
standard samples of indium and tin.

3. Results and discussions

3.1. WAXS and DSC experiments

The WAXS curves of some polyketone samples are
shown in Fig. 1. The major differences between samples
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Fig. 2. Full WAXS pattern of (top) EPCO(4.6) showing onlyb phase and (bottom) ECO showing the largest content in thea form.

Table 1
Ranking ofa phase content as estimated by both the WAXS area ratioI318=I298 and the Raman area ratioI1440=ICyO (both ratios are normalised to one by
dividing the ratios between that of the ECO sample), the crystalline density by WAXS and lattice parameters, and the Raman –CH2– bending splitting
separation for the different samples

Sample WAXSI31=I29 RamanI1440=ICyO Crystalline
density (g/cm3)

Lattice parameters (A˚ ) –CH2– splitting
separation (cm21)

a b c

ECO 1 1 1.402(a) 6.88 5.01 7.60 25.2(a)
1.328(b) 7.80 4.74 7.58 15.2(b)

EPCO(1.2) 0.4 0.6 1.301(b) 7.90 4.76 7.61 24.0(a), 14.7(b)
EPCO(2.9) 0.07 0.01 1.287(b) 7.99 4.76 7.60 13.3(b)
EPCO(5.1) 0 0 1.274(b) 8.08 4.75 7.61 13.4(b)
EPCO(7.2) 0 0 1.258(b) 8.15 4.76 7.62 11.4(b)



arose from variations in the ratio of thea andb phase and
minor differences from changes in the crystallinity and cell
parameters. A comprehensive description 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 differences between thea andb phases are
highlighted in Fig. 2, which shows the WAXS patterns of
two extreme samples in terms of crystalline polymorphism.
The bottom curve is believed to show a high content ofa
phase, whereas the top curve only showsb phase peaks. In
this study, we have used the peak at an angle of 318, attrib-
uted to the planea (210), to characterise thea phase and the
peak at an angle of 298, attributed to the planeb (210), to
characterise theb phase. Both peaks can be easily quantified
by curve-fitting of the experimental data, as they do not
overlap with other peaks. Fig. 1 shows that the peak at 318
(assigned to thea phase) has the largest intensity for the
ECO sample closely followed by EPCO(1.2). In the WAXS
curves of the other EPCO materials (above 1.2 mol% of
propene) this reflection is very weak or not at all present.
The first column of Table 1 shows the ratio of the areas of
WAXS peaks at 31 and at 298 for the different samples. This

corresponds to the ratio of thea to b phase content for the
various samples. ECO has the largest proportion ofa crys-
tals, and this decreases with increasing the level of propene
incorporation in EPCO samples. For samples above 2.9% of
propene content thea phase is absent and the crystalline
morphology is exclusively made ofb phase.

Melting point and heat of fusion were determined by DSC
and are plotted in Fig. 3 as a function of propene incorpora-
tion. It can be seen, that there is a trend of decreasing heat of
fusion, i.e. degree of crystallinity and melting point with
increasing propene level, as expected. In the case of the
melting point, a linear decrease is observed. These observa-
tions result from the random incorporation of an increasing
amount of a disrupting co-unit, CH2–CH(CH3)–CyO,
throughout the CH2–CH2–CyO polymer chain.

The crystalline density of theb phase was calculated (see
Table 1), as described in the experimental section, from the
experimentally determined cell parameters. The crystalline
density decreases with increasing propene content. This is
expected, and has been reported in polyethylene copolymers
associated with a reduction in crystallinity and melting point
[14]. The observed increase in unit cell parameters is mostly
due to the expansion of the unit cella-axis (see Table 1).
Although this cell dilatation is partially related to the inclu-
sion of some side-chains by some authors, it is usually asso-
ciated with reduced lamella thickness [14]. Reduction in
lamella thickness (suggested by a decrease in melting
point) is thought to result in cell expansion due to surface
dilatometric stresses, thermal vibrations and intracrystalline
defects resulting from faster crystallisation at the large
undercoolings required.

The crystalline density of thea phase has also been deter-
mined using six reflections from the WAXS of the ECO
film. This value is 1.402 g cm23 which is somewhat higher
than the one reported in the literature [7,8], i.e.
1.383 g cm23. The difference may arise from the fact that
the value reported in the literature for thea phase was
measured in well-oriented polyketone fibers showing only

J.M. Lagaron et al. / Polymer 41 (2000) 3011–30173014

Mol% propene

0 2 4 6 8

M
el

tin
g 

po
in

t (
o C

)

150

160

170

180

190

200

210

220

230

240

250

260

H
ea

t o
f f

us
io

n 
(J

/g
)

60

70

80

90

100

110

120

130

140

150

Fig. 3. Melting point (maximum of melting) and heat of fusion as determined by DSC at 108C/min as a function of propene incorporation.

Fig. 4. DSC endotherms for, from top to bottom, ECO and EPCO(1.2). The
arrows indicate thea to b phase transition endotherms.



the a phase [7,8]. The fibers were obtained by solution
spinning and subsequent hot drawing. Hence, the crystalline
morphology is expected to be different and the average
crystalline density could result in a lower value as it has
been forced into thea phase.

DSC measurements were also carried out on the samples
characterised by WAXS to identify thea to b phase transi-
tion reported [7,8] to occur around 1008C. This was only
unambiguously detected for the ECO material (see Fig. 4).
Although the WAXS pattern of EPCO(1.2) also shows a
significant amount ofa phase (see Fig. 1 and Table 1),
the phase transition was not observed by DSC. A proposed
explanation is that the phase transition process may occur
progressively in this sample over a wide range of tempera-
ture and the heat of transition is not observed as a sharp peak
by DSC. This may suggest disperse irregular sized, thin and
defecteda crystals. In the case of ECO, two close small
endothermic peaks are seen, i.e. at ca. 85 and 1058C,
which may suggest that there exist two types ofa crystal
populations in this sample. Previous Raman work [9]
showed that at a 1008C (around the phase transition
temperature detected by DSC) thea phase has partially
disappeared for the ECO sample and that above this
temperature onlyb phase is observed. Subsequent cooling
down of this sample back to room temperature results in
recovery of thea phase. This therefore supports attributing
the small DSC endotherms observed at about 1008C for
ECO to a phase change in the crystalline morphology of
the material. DSC did not detect ana to b transition in the
EPCO materials with higher propene contents, in agreement
with the absence ofa crystals as characterised by WAXS.

3.2. Raman experiments

A previous study of aliphatic polyketones ex-reactor
powder using Raman spectroscopy showed the potential
of this technique for the elucidation of the structure and
crystalline morphology of these family of materials [9].
Different Raman bands seen in the –CH2– bending vibra-
tional range of different materials, were assigned to thea
andb crystalline polymorphs proposed in the literature and
discussed above (see Fig. 5). The presence of a band at
1440 cm21 was assigned to thea form and thought to
arise from a factor group splitting effect in the orthorhombic
lattice similar to that observed for other polymers like poly-
ethylene, polyoxymethylene, etc. [15]. On the other hand,
the presence of a band at 1430 cm21 was attributed to the
less packed distortedb 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
band at 1415 cm21. This band at 1415 cm21 is seen in all
samples and it was tentatively assigned to the other compo-
nent of the splitting for both polymorphs. Although, this
band is slightly shifted towards higher wavenumbers in
samples withb form, as a consequence of the reduction in
the interchain interaction induced by higher lattice volume.
The ECO polymer showed the three bands (1415, 1430 and
1440 cm21) pointing to a crystal phase mixture of both poly-
morphs, whereas EPCO polymers showed only two bands
(1415 and 1430 cm21) suggesting a dominantb phase. This
is exclusive above 2.9 mol% of propene [9]. The weak band
at ca. 1460 cm21 was found to increase with increasing
propene level in EPCO samples. This band is absent in
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Fig. 5. Raman spectra in the range of 1325–1800 cm21 of (top) ex-reactor ECO with the largest content ofa form crystallinity and (bottom) ex-reactor
EPCO(4.6) with onlyb form crystallinity.



the ECO polymer (see Fig. 5). As a consequence, this band
was attributed to a –CH3 bending motion. Moreover, it
compares well with the position of this mode in the
Raman spectrum of polypropylene. A broad band can also
be discerned at 1410 cm21. This band also develops with
increasing propene level and is present in the ECO material.
Consequently, it was attributed to the amorphous phase.

The Raman spectra, over the range of 1360–1470 cm21,

of the compression moulded films, used for WAXS and
DSC measurements, are shown in Fig. 6. The band at
1440 cm21 assigned to thea crystals is detected for ECO,
EPCO(1.2) and very weakly for EPCO(2.9) samples, but not
for the EPCO polymers with propene contents above
2.9 mol%. Consequently, the Raman ranking of thea
phase is seen qualitatively similar to that observed by
WAXS in Fig. 1. A Raman method for the quantitative
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Fig. 6. Raman spectra in the range of 1360–1470 cm21 of film, from top to bottom, ECO, EPCO(1.2), EPCO(2.9), EPCO(4.6), EPCO(7.2).

Fig. 7. Separation in wavenumber between the Ramana andb –CH2– splittings versus the crystalline density as determined by X-ray for the various samples.



determination of the relative content of thea to b phase is
also proposed. This is derived (see column two in Table 1)
by ratioing the area of the band at 1440 cm21, attributed to
the a phase, to that of the CyO band arising at ca.
1710 cm21. The mol% of CyO is always 50% throughout
composition, therefore this band can be used as an internal
standard for polyketones [9]. From Table 1, the relativea
phase Raman content (normalised to that in ECO) is found
higher for EPCO(1.2) and slightly lower for EPCO(2.9)
when compared to the WAXS data. The Raman method is
anticipated to be more unreliable because of the extensive
band overlapping seen in the –CH2– bending range [9].
Moreover, the Raman signal in the films is relatively poor
due to sample flourescence.

The separation in wavenumber between the components
of thea (1440–1415 cm21) andb (1530–1415 cm21) factor
group splittings was also measured for the various samples
(see column five in Table 1). A general reduction of the
–CH2– bending splitting separation, i.e. a decrease in the
lattice interchain interaction, is observed in the polyketone
films with increasing propene level (see dotted lines in Fig.
6) in accordance with the observed cell expansion measured
by WAXS (column three in Table 1). The fact that the cell
expansion is mostly due to the enlargement of thea cell
parameter, attributable to the lateral separation of the two
interacting chains within the orthorhombic lattice, explains
the marked change in splitting observed perpendicular to the
chain direction –CH2– bending vibrational mode. Fig. 7
shows that, there exits a reasonable linear correlation
between the crystalline density of theb phase and the
separation between the components of theb –CH2– bend-
ing splitting. However, this linear correlation does not seem
to extend to thea phase. Thea phase is known to have a
slightly different chain arrangement within the lattice [7,8],
and therefore results in a far more efficient interchain inter-
action, i.e. in a higher splitting separation, than theb phase.
In accordance with this, a different dependence of the split-
ting separation with crystalline density may apply for the
two polymorphs. Thus, although some variability was
observed between the two methods proposed for the quan-
tification of thea phase, in general terms the agreement
between Raman and WAXS data is good. This agreement
makes both techniques suitable for the characterisation of
the crystalline morphology present in aliphatic polyketones.

4. Conclusions

WAXS, Raman and DSC showed a consistent picture of

the crystalline morphology, in terms of thea/b poly-
morphism, present in a range of aliphatic polyketones.
EPCO materials with propene level above 2.9 mol% exclu-
sively showedb form, whereas the ECO polymer and the
EPCO polymers below that content (2.9 mol%) showed a
mixture ofa andb forms. Crystalline density and separation
between the –CH2– bending factor group splitting compo-
nents (lattice interchain interaction) were found to correlate
with each other, and decreased for both polymorphs with
increasing propene level. This is consistent with the
observed decrease in polymer heat of fusion (degree of
crystallinity) and melting point. As expected, a deterioration
of the crystalline morphology is caused by the random
incorporation of propene, resulting in methyl side-chains,
throughout the polymer chain.
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