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Abstract:  Highly-oriented fibres of the aromatic polyetherketone [-O(1,4-Ar)CO(1,3-Ar)CO(1,4-Ar)-]n  (Ar = phenylene) obtained by nucleophilic polycondensation of F(1,4-Ar)CO(1,3-Ar)CO(1,4-Ar)F with  HO(1,4-Ar)CO(1,3-Ar)CO(1,4-Ar)OH afford, after annealing, very well-resolved X-ray fibre patterns. The new diffraction data are used to test two different published models for the crystal and molecular structure of this polymer, both based on a three-ring crystallographic repeat, and it is shown by diffraction-modelling that neither of these structures is compatible with the new fibre-data. In contrast, we report a novel structure, based on a six-ring crystallographic repeat, that gives a simulated fibre-diffraction pattern in very good agreement with the experimental pattern. Crystal data for the new structure are: orthorhombic, space group Pcam, a = 7.67, b = 6.13, c = 29.72 Å, two chains per cell, V = 1397 Å3  = 1.43. Unusually, the two chains in the unit cell are related by an a-glide, meaning that the carbonyl groups in the two chains are aligned anti-parallel rather than having the more generally found parallel arrangement resulting from the presence of a b-glide. The new structure is shown to be fully compatible with previously published X-ray powder and electron diffraction data.     


1.	Introduction
Composite materials for aerospace applications have traditionally been based on thermosetting matrix polymers such as the epoxies and bis(maleimides) [1,2], but in more recent years the potential advantages of thermoplastic matrices (increased speed of fabrication and greater toughness) have started to be realized [3], with the introduction of carbon-fibre composites based on semi-crystalline engineering polymers such as poly(phenylene sulfide) (PPS) [4], poly(ether ether ketone) PEEK [5] and the co-poly(ether ketone ketone) PEKK (Chart 1) [6]. The high crystalline melting points (Tm) of poly(ether ketone)s (typically 340 – 420 °C) result in retention of mechanical strength and stiffness even at temperatures well above their glass transition temperatures (Tg) [7], but such melting points also require correspondingly high composite-fabrication temperatures. As the all-1,4-version of PEKK has a melting point of 410 °C [8], significantly higher than that of PEEK (343 °C) [9], it would require a still higher fabrication temperature, potentially approaching the polymer's decomposition point. 
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Chart 1.	 Some thermoplastic matrix polymers used in composite materials for aerospace applications.

By incorporating a proportion of 1,3-linkages into PEKK, the melting point of the resulting copolymer can however be much reduced, for example to 338 °C for the copolymer with m = 0.3 and p = 0.7 (Chart 1), while still maintaining a relatively high degree of crystallinity [10-15]. Scheme 1 shows a conceptual route to a range of PEKK copolymers, involving electrophilic co-polycondensation between diaroyl dihalides (terephthaloyl and isphthaloyl chloride) and five-ring ether-ketone monomers such as 1 and 2 [14], although the patented industrial synthesis [10] is rather more complex than this.  
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Scheme 1. Synthesis of PEKK copolymers [10,14].
Monomers 1 and 2 may be used in preference to diphenylether itself because the ketone linkages are known to exert a subtle p-electron-withdrawing effect on the ether oxygens, so enhancing the para-selectivity of electrophilic substitution on the terminal arylether rings [16,17]. It can be inferred [14] that the 1,3-homopolymer of PEKK (polymer 3) is obtained by a similar synthesis, now simply involving polycondensation of isophthaloyl chloride with monomer 2, as shown in Scheme 2.  
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Scheme 2. Electrophilic synthesis of the 1,3-homopolymer of PEKK (3) [14,15].

The crystal structures of all-1,4-PEKK and many other all-1,4-poly(ether ketone)s have been studied in detail, not only by X-ray powder and fibre diffraction [11,18-24], but also by single-crystal electron diffraction [8,11]. Two specific structure-types have been established: the unit cells of both are orthorhombic and contain two polymer chains, but the structures differ markedly in their unit cell dimensions. The so-called "Form I" structure typically has cell dimensions around a = 7.6 and b = 6.1 Å [17-23], whereas the "Form II" structure is contracted in the a direction (to ca. 4.2 Å) and elongated in b (to ca. 11.3 Å) [11,24]. The carbonyl and ether groups in each chain are aligned parallel to the bc plane, and the aromatic rings are tilted alternately by ca. ± 30° relative to the plane of the polymer backbone. In both the Form I and Form II structures the two chains passing through the unit cell are related in symmetry terms by a b-glide. The Form I structure is found more commonly than the Form II, but both have been identified in a range of 1,4-substituted aromatic poly(ether ketone)s [11, 17-24] and can now be regarded as fully-defined.  

In contrast, the structures of the 1,3-PEKK homopolymer, 3, and of other polymers based on the isophthaloyl-diketone linkage are much less well understood in terms of both molecular geometry and crystal structure. Even the conformation of the isophthaloyl linkage (coplanar or non-coplanar) remains a subject of debate [25,26].  X-ray powder data for 1,3-PEKK [12] strongly indicate a Form I type unit cell [Figure 1(i)], but beyond that it has been noted by Hsiao et al. that (with regard to whether the unit cell in the chain direction is based on three or six aromatic rings) "it is virtually impossible to differentiate the two proposed cells based on the powder diffraction data alone" [13]. In an earlier paper by the same authors, selected-area electron diffraction data had suggested a three-ring repeat to be the more likely [12] but fibre-diffraction studies, which might have resolved the question unambiguously, were constrained by difficulties in obtaining highly-oriented, crystalline fibres of 1,3-PEKK. More recently a molecular dynamics study of this polymer led, surprisingly in the light of previous work [12], to the proposal of a structure based on a Form II-type unit cell [28] but both the chain conformation and packing-symmetry (C-centering) in this model [Figure 1(ii)] seem to be at variance with all experimentally-known structures for aromatic poly(ether ketone)s. 
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Figure 1.	 Crystal structures proposed for 1,3-PEKK (polymer 3): (i) by Ho et al. [12] and (ii) by Li and Strachan [28], each shown in projection along the c-axis of the unit cell.

We now report that the recently-developed nucleophilic synthesis of 1,3-PEKK, 3, shown in Scheme 3 [29], affords polymer of significantly higher molecular weight than the original electrophilic synthesis (Scheme 2), and that this new material can be hot-drawn to give highly-oriented samples (draw-ratio x 8). After annealing at constant length, such samples afford very well-resolved X-ray fibre diffraction patterns. Computational modelling and diffraction-simulation studies show that neither of the two previously-proposed structures for homopolymer 3 is compatible with the fibre diffraction data, but we have identified an alternative crystal structure, differing from earlier proposals in polymer chain-conformation, crystallographic chain-repeat and packing symmetry, that is much more consistent with the present fibre-diffraction data and also with earlier X-ray powder and electron diffraction studies. 

2.	Results and Discussion
2.1	Synthesis and fibre-diffraction studies
A new synthesis of homopolymer 3 was reported recently, involving nucleophilic polycondensation of the bisphenol HO(1,4-Ar)CO(1,3-Ar)CO(1,4-Ar)OH with the corresponding difluoro-ketone monomer F(1,4-Ar)CO(1,3-Ar)CO(1,4-Ar)F at 300 °C in diphenylsulfone as solvent (Scheme 3) [28]. Inherent viscosities (hinh) in the range 1.0 to 1.2 dL g-1 were readily achieved, and GPC analysis of a soluble, silylated derivative indicated Mn and dispersity values for the parent polyketone (hinh = 1.13 dL g-1) of 11,000 and 1.86 respectively. To distinguish the origins of the different samples of polymer 3, we will refer to material obtained by the electrophilic route as 3e and that produced by the nucleophilic route as 3n. The molecular weight of 3n is significantly higher, and the dispersity much narrower, than values reported for 3e obtained by the electrophilic route (Mn = 7,000; dispersity = 3) [12]. In the context of X-ray structural analysis, this suggested that stronger fibres, with a higher degree of orientation than previously achieved (with 3e), might be accessible from the "nucleophilic" polymer 3n. 
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Scheme 3. Nucleophilic synthesis of the 1,3-homopolymer of PEKK (polymer 3n) [28].

Indeed, fibres of polymer 3n could be extended over a hot-stage to draw-ratios of up to x 8 without breaking. The fibres were then annealed at constant length for 18 h at 240 °C, to maximise the degree of crystallinity. For comparison with earlier results, analogous fibre-samples were also produced at lower draw-ratios. X-ray diffraction patterns from such fibres at draw-ratios of x 3 and x 8 are shown in Figures 2(i) and 2(ii) respectively, from which it is evident that the higher draw-ratio produces a much more highly resolved diffraction pattern. (Note: the "x 8-extended" fibre was tilted by ca. 10° towards the X-ray beam in order to detect the meridional [0 0 l] reflections). The only X-ray fibre-pattern previously reported for polymer 3, at a draw ratio of x 6 [12], corresponds quite closely to that shown in Figure 2(i), and a direct comparison of the two images is given in the Supplementary Data. It is clear that a marked transition to high levels of crystallinity and crystal orientation occurs  between draw-ratios x 6 and x 8.     
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Figure 2. X-ray fibre patterns for polymer 3n: (i) x 3 draw ratio; (ii) x 8 draw ratio. After drawing, both samples were annealed at constant length for 18 h at 240 °C. Slight contrast enhancement has been applied to these patterns, to bring out the detail, but the original images may be found in the Supplementary Data. 

A key feature of pattern 2(ii) is the very obvious presence of layer lines, with reflections appearing, at first sight, to lie on the zeroth, first, second and third layer lines. Closer inspection, however, shows reflections (highlighted by asterisks above) in the outer parts of the pattern that clearly lie between the apparent "first" and "second" layer lines. The inner reflections must therefore actually lie on the zeroth, second, fourth and sixth layer lines, with the "anomalous" reflections on the third layer line. This result has immediate implications for the question of whether the crystallographic repeat in the chain direction (the c-axis of the unit cell) comprises three or six aromatic rings. As discussed below, indexing of the observed reflections coupled with diffraction-simulation from polymer models shows very clearly that the new fibre-data can be understood only in terms of a six-ring repeat.     

Measurement of the d-spacings for all reflections observed in the fibre diagram allowed the pattern to be indexed in terms of an orthorhombic unit cell with dimensions a = 7.67, b = 6.13, c = 29.72 Å, and the indexed fibre diagram is shown in Figure 2(ii). Measured d-spacings (averaged, where this was  possible, over the four quadrants of the pattern) and their associated indices are given in Table 1 (Section 2.2). 
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Figure 3. (i) Superposition on the experimental fibre-diagram of a simulated diffraction pattern ("simple" mode) generated from a modelled crystal structure for polymer 3 in space group Pcam; this work). (ii) Simulated fibre diffraction pattern ("realistic" mode) generated from the same model, now showing the [00l] reflections on the meridian (l = 2, 4, 6 and 8). In both simulations the fibre tilt angle was set at 9° towards the X-ray beam.   

2.2	Diffraction-modelling studies
From the dimensions of the unit cell, it is evident that the crystallographic repeat in the c-direction (i.e. along the polymer chain) must comprise six aromatic rings, rather than the three rings proposed in earlier studies of polymer 3 [12]. The a and b dimensions show that the structure is of the "Form I" type [24] and in order to achieve a reasonable density two chains are included in the unit cell, giving a value for rcalcd of 1.427 g cm-3. As a starting point for modelling the polymer chain-conformation, we used the single-crystal X-ray structure of the 7-ring oligomer 4 (Figure 4) [26], deleting the biphenyl end groups but leaving the three-dimensional structure of the central, three-ring "EKKE" unit unchanged. This unit has the 1,4-phenylene groups in a syn conformation relative to the 1,3-ring (unlike the structure proposed by Ho et al. [12] where an anti-conformation was postulated). Next, two "EKKE" units were aligned along the c-axis of an orthorhombic cell, one was rotated 180° about this axis in order to generate a linear, "alternating" chain-conformation, and the two units were merged at the terminal ether-oxygens. The resulting six-ring repeat unit was then built into an infinite polymer crystal, and the cell-dimensions were re-set to the experimental values. 

At this point a decision was needed as to how the second chain should be related to the first in symmetry terms. In analogous all-1,4-poly(ether ketone)s this relationship is almost invariably a b-glide [11-15,18-24], with the second chain being a mirror-image of the first, reflected in a plane at a = 1/4, parallel to bc. However, in the present study, the simulated fibre-pattern from a structure of this type (space group Ic2m} conflicted strongly with the experimental data (See Supplementary Data). Specifically, the entire series of observed [01l] reflections [Figure 2(ii)] is missing from the simulation and a series of [10l] reflections (l odd) is predicted but not observed. Two alternative symmetry relationships between the chains were therefore tested: the first was C-centering, in which the second chain is simply a copy of the first, translated to the centre of the unit cell (space group Cc2m). However, the resulting simulated fibre-pattern again shows the [01l] reflections to be absent, and the strong [213] reflection in the experimental pattern [Figure 2(ii)] is also missing from the simulation. See Supplementary Data.
[image: ]
Figure 4. Single-crystal X-ray structure of the 7-ring model oligomer 4 [26] viewed in projection (i) along the crystallographic b-axis and (ii) along the a-axis. The carbonyl and ether groups lie parallel to the bc plane, but the central 1,3-linked aromatic ring is tilted by some 20° out of this plane. The adjacent "1,4-ether-ketone" rings are both rotated by ca. 35 ° in the opposite sense, thus adopting a syn conformation.    

Finally, we constructed a model in which the second chain is generated by an a-glide, an operation that results in the carbonyl groups of the resulting polymer chain being aligned anti-parallel with those in the original chain, rather than in the parallel arrangement found in all previously-studied poly(ether ketone) crystal structures. The simulated fibre-pattern gave a much-improved match to experiment both in peak positions and relative intensities. The model was then energy-minimised within a fixed unit cell (determined, as described above, from the experimental fibre-diffraction pattern) using a force field previously optimised for modelling the crystal structures of poly(ether ketone)s [26 ], giving a final, minimised structure in space group Pcam (Figure 5). As shown in Figure 3(i), a fibre pattern simulated from this structure now accurately predicts all the experimentally-observed reflections other than the [00l] reflections on the meridian. However, the latter are only seen experimentally because the fibre is tilted in the X-ray beam, and so are not reproduced by the present diffraction-simulation software in "simple" diffraction-simulation mode. The observed [00l] reflections are however evident when "realistic" modes are used, as shown in Figure 3(ii). In conformational terms, the "ether-ketone" aromatic rings are rotated some 40° (in the same sense) from the mean plane of their associated carbonyl groups, while the "isophthaloyl" ring is rotated ca. 20 ° from this plane in the opposite sense giving a net ring-ring rotation about the carbonyl group of some 60°, exactly as found in all-para polyether ketone systems [24].   
   
A few small discrepancies do remain, specifically in the apparent absence from the experimental pattern of predicted, though weak, [205] and [215] reflections, but it is evident that the new model in space group Pcam must be at the very least a close approximation of the structure of polymer 3. In agreement with this, simulated X-ray powder and single-crystal electron diffraction patterns (Figure 6)  for the new model are fully consistent with published experimental data for polymer 3e [12].  Bond lengths, bond angles and torsion angles for the newly-proposed structure are given in the Supplementary Data, together with atomic coordinates in cif format.
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Figure 5. Final, optimised crystal structure of polymer 3, (space group Pcam) viewed along the unit cell axes. 
X-ray powder and electron diffraction (zone 001) patterns simulated from the structure shown in Figure 5 (Pcam) were thus compared these to the experimental data reported by Ho et al. [12]. The results are shown in Figures 6(i) and 6(ii) respectively, where excellent agreement is seen in both cases. In contrast, as shown in the Supplementary Data, neither of the previously proposed "three-ring repeat" structures for polymer 3 (Pb2n [12] and C1 [28]) generate patterns in agreement with the experimental data. Analogous X-ray powder and electron diffraction simulations were also carried out here for variants of the present six-ring structure (space groups Ic2m and Cc2m) and the earlier three-ring model (space groups P2/a and C2) but again, as shown in the Supplementary Data, none of these structures adequately reproduces the experimental data.   



[image: ]
Figure 6. (i) Simulated, narrow-line X-ray powder diffraction pattern (in yellow) from the model for polymer 3 shown in Figure 5. The experimental powder pattern (in blue) for polymer 3e is superimposed, showing  excellent agreement with the observed reflections. (ii) Simulated electron diffraction pattern (zone 001), shown in green, from the same model superimposed on the experimental pattern for polymer 3e. The experimental patterns are adapted with permission from [12] R-M. Ho, S.Z.D. Cheng, H.P. Fisher, R.K. Eby, B.S. Hsiao and K.H. Gardner, Crystal morphology and phase identifications in poly(aryl ether ketone)s and their copolymers. 2. Poly(oxy-l,4-phenylenecarbonyl-1,3-phenylenecarbonyl-1,4-phenylene). Macromolecules 27 (1994) 5787- 5793. Copyright 1994 American Chemical Society.     



Table 1: Indices and observed d-spacings for the reflections found in the fibre-diffraction pattern of polymer 3 as shown in Figure 2(ii), compared with the d-spacings predicted by the model shown in Figure 6 (this work). Standard deviations are given where multiple, redundant reflections could be measured.

	Assigned 
Index, hkl
	Observed 
d-Spacing (Å)
	Predicted 
d-Spacing (Å)
	
	Assigned 
Index, hkl
	Observed
d-Spacing (Å)
	Predicted
d-spacing

	002
	14.82(9)
	14.86
	
	110
	4.77
	4.79

	004
	7.43
	7.43
	
	112
	4.64(3)
	4.56

	006
	4.96
	4.95
	
	114
	4.05(4)
	4.03

	008
	3.73
	3.72
	
	116
	3.45(2)
	3.44

	010
	6.12(1)
	6.13
	
	200
	3.83(1)
	3.84

	012
	5.62(3)
	5.65
	
	201
	3.83(1)
	3.80

	014
	4.76(1)
	4.73
	
	210
	3.26(1)
	3.25

	016
	3.89(2) 
	3.85
	
	120
	2.84(1)
	2.85

	018
	3.19(1)
	3.18
	
	123
	2.75(3)
	2.74

	0110
	2.67(3)
	2.67
	
	020
	3.05(1)
	3.07




3.	Experimental
3.1	Instrumentation and software
Instrumentation for polymer analysis (solution viscometry, NMR, IR, GPC, DSC) was as described in reference 29. Flat-plate X-ray fibre diffraction patterns were obtained using an Oxford Diffraction X‑Calibur Gemini diffractometer with Cu-Kα radiation at 298 °C, with exposure times of 1 to 5 min, at a sample-to-plate distance of 4.45 cm. Computational modelling (molecular mechanics with charge-equilibration) and diffraction-simulation were carried out on a Silicon Graphics O2 workstation using the Cerius2 suite of programs (v.3.5, Accelrys Inc., San Diego), with the Dreiding II force field [30] re-parametrized for aromatic polymer systems [26]. Crystal structure diagrams were generated using CrystalMaker (v. 8.0, CrystalMaker Software Ltd., Oxford).

3.2	Materials
Polymer 3n, [-O(1,4-Ar)CO(1,3-Ar)CO(1,4-Ar)-]n  (Ar = phenylene) was obtained as reported in ref. 29, by base-promoted polycondensation of the bis-phenol HO(1,4-Ar)CO(1,3-Ar)CO(1,4-Ar)OH with the corresponding difluoride F(1,4-Ar)CO(1,3-Ar)CO(1,4-Ar)F at 300 °C in diphenylsulfone as solvent.5 Polymer 3 is insoluble in most common solvents used for GPC (gel permeation chromatographic) analysis, so the molecular weight and dispersity for the sample used in this work (Mn = 11,000 and Đ = 1.86 respectively) were estimated from the corresponding values for its soluble, silylated derivative [29] with correction for the difference in molar mass of the monomer unit.  

Oriented fibres of polymer 3n were obtained by melt-casting a thin film (30 x 20 x 0.5 mm) onto an aluminium sheet at 360 °C and quenching the molten film into ice-water to generate an amorphous sample. The film was peeled from the support and cut into narrow strips (ca. 2 mm wide) which were then drawn over a hot-stage set at 420 °C, giving oriented fibres at up to x 8 draw-ratio. The drawn fibres were clamped firmly at their ends on a rigid aluminium sheet and annealed at constant length for 20 h at 240 °C. Fibres with draw-ratios of x 3 and x 8 were used in the present work.    

3.3	Model building and diffraction-simulation
To test proposals for the crystal structure of a polymer against experimental diffraction data, an accurate crystallographic model of the relevant structure is first constructed. This involves building a single crystallographic chain-repeat either using established bond lengths and bond angles or by "extracting" the repeat unit from a known, single-crystal oligomer structure or, in the case of a published structural proposal by making best use of the published data. Next the chain-repeat is built into a polymer crystal having experimentally-determined unit cell dimensions. Packing symmetries (glide planes or lattice-centering) are then introduced, and the space group is then established by evaluating the symmetry operations of the resulting unit cell. Polymer model-building of this type is conveniently carried out using the software Cerius2 (Molecular Simulations Inc., San Diego) which also provides facilities to simulate X-ray fibre and powder patterns and electron-diffraction images from any given crystal model, and to compare these simulations against experimental diffraction data. For the the present work, simulated fibre diffraction patterns were generated in "simple"mode, with no parametrization of crystallite size, thermal parameters or degree of crystallite orientation. Finally, polymer-models may be refined by energy-minimisation (molecular mechanics with charge-equilibration) in a fixed, experimentally-determined unit cell. This methodology, originally developed by Windle and co-workers [30], has proved a powerful technique for the structural analysis of crystalline polymers and it remains a valuable computational tool for the polymer chemist. Further computational details, including simulations of relevant X-ray powder and electron diffraction patterns, are provided in the Supplementary Data, together with atomic coordinates in .cif format for all the structures built and evaluated in the present work.

4.	Conclusions
Highly-oriented fibres of the aromatic polyetherketone [-O(1,4-Ar)CO(1,3-Ar)CO(1,4-Ar)-]n  (Ar = phenylene) afford, after annealing at constant length, very well-resolved X-ray fibre patterns. Two different published models for the crystal and molecular structure of this polymer, both based on a three-ring crystallographic repeat, are found to be incompatible with the new fibre-data. However, a novel structure, based on a six-ring crystallographic repeat, gives a simulated fibre-diffraction pattern in very good agreement with the experimental pattern. The new structure is orthorhombic (space group Pcam, and includes two chains per unit cell related, unusually, by an a-glide, meaning that the carbonyl groups in the two chains are aligned anti-parallel. This structure is shown to be fully compatible not only with the new fibre data but also with results from previously published X-ray powder and electron diffraction studies. 
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