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Abstract

The inorganic (or “organometallic”) polymers poly(dibutylstannane), poly(dioctylstannane) and poly(didodecylstannane) were oriented by shear forces, tensile drawing of blends with polyethylene and deposition from solution onto glass slides coated with an oriented, friction-deposited poly(tetrafluoroethylene) (PTFE) layer. Orientation of the polystannanes was examined by polarization microscopy, UV-vis spectroscopy with polarized light and X-ray diffraction and their direction was found to depend on the length of the alkyl side groups and the method of orientation. Remarkably, in some cases the polystannane backbones were oriented parallel and in other instances perpendicular to the direction of the external orientation stimuli. The latter structural arrangement was most conspicuous for polymers substituted with dodecyl side groups, which were found to align parallel to the applied orientation direction, forcing the polymer backbone into a perpendicular position. Finally, UV-vis spectra indicated that changes in the backbone conformation of certain polystannanes might be induced by applying mechanical stress.
1. Introduction

As far as we are aware, polymers which comprise a backbone of covalently-bonded metal atoms so far have been synthesized only with tin.[1-10] These polymers, which typically are of the composition  (SnR2) n and termed polystannanes, are structurally related to corresponding polymers with the semi-metals silicon or germanium (i.e. elements that are located in the periodic table in the same group as tin) and are of potential interest as semi-conductors.[11-13] However, synthesis of linear polystannanes in high yield, and free of cyclic oligomers has been achieved only recently[2, 3] and, therefore, until now the properties of polystannanes have been relatively little explored. 
Here, we present the formation of oriented structures of poly(dialkylstannane)s, encouraged by the reported uniaxial orientation of polysilanes,[14-21] bearing in mind, of course, that parameters which influence orientation processes, such as melting temperature, solubility, and chain rigidity differ for polysilanes and polystannanes. A variety of techniques have been developed to induce orientation of polymer molecules, which is crucial to investigate and exploit the anisotropic mechanical, optical and electronic properties of the macromolecules. Orientation by shearing,[2, 19] as well as solid-state drawing, is suited if the mechanical behavior of the polymer permits large elongation. Also, polymers have been (co-)oriented with the assistance of a matrix polymer which was subjected to tensile deformation.[14, 17] Oriented polymer structures can be prepared also by crystallization from the melt or solution onto highly oriented, thin films of poly(tetrafluoroethylene) friction-deposited onto, for instance, glass slides.[15, 22] In this work we used all of these methods to produce oriented poly(dialkylstannane)s and investigated the role of the orientation process and the length of the alkyl groups on the orientation behavior of the different poly(dialkylstannane)s. 
2. Results
2.1 Orientation by shearing
It would appear most convenient to orient poly(dialkylstannane)s by drawing of self-supported films. However, this technique could not be applied because the mechanical strength of the films was not appropriate - depending on the alkyl group, the polymers were too brittle or too soft. Hence, orientation was induced by shearing, which previously was successfully applied for poly(dibutylstannane) taking advantage of its liquid-crystalline state at room temperature.[2, 3, 23] It was attempted to orient also poly(dioctylstannane) and poly(didodecylstannane) by shearing onto glass slides, however, not only at room temperature, but also at 40 °C for poly(dioctylstannane) and 60 °C for poly(didodecylstannane). At these temperatures these materials are without order, as opposed to their liquid-crystalline lamellar structure at room temperature.[3] Thin films of the various polymers were prepared by shearing with a razor blade at a rate of about 5 cm/s onto quartz glass slides at the above-referred temperatures. Samples produced at room temperature featured pronounced birefringence when placed at a 45° angle between crossed polarizers in the optical microscope (Figure 1, left), whereas no light was transmitted essentially at angles of 0° and  90°, respectively, indicative of a high degree of orientation. Similar polarized optical microscopy investigations of the samples sheared at elevated temperature revealed that orientation could be induced by shearing poly(dioctylstannane) at 40 °C, but no significant orientation was found in samples of  poly(didodecylstannane) made at 60 °C (resp., Figure 1d, e, left). 

As the polystannanes absorb UV light (with a maximum at 374 nm, 375 nm and 409 nm, respectively, for isotropic, solid dibutyl, dioctyl and didodecyl derivatives), orientation was also manifested in dichroism. Moderate dichroism was observed for all the samples produced by shearing at room temperature (dichroic ratios 1.6 – 3.0) (cf. Figure 1, right). In these cases, the absorbance was higher with parallel than perpendicular orientation, which implies that the polystannane backbones were oriented preferentially parallel to the direction of shear (see schematic Table 1). Interestingly, a slight preference of the perpendicular orientation was found after shearing poly(dioctylstannane) and poly(didodecylstannane) at elevated temperature (dichroic ratios approximately -1.2; N.B. a negative sign indicates that the absorption at perpendicular polarization, i.e., with the electric field E perpendicular to the shearing direction, dominates). For the sake of completeness it should be mentioned that poly(dioctylstannane) sheared at room temperature gave rise to an additional absorption maximum at 409 nm (besides the one at 374 nm in the non-oriented state), which was evident both with the polarization of light parallel and perpendicular to the shearing direction. In the other cases, only one absorption maximum was observed, at similar spectral positions for both orientations, and relatively close to the respective values of the isotropic samples; the largest difference was found for poly(dibutylstannane) (375 nm and 361 nm, respectively, for parallel and perpendicular orientation directions). 
2.2 Orientation by drawing of solution-cast polystannane-poly(ethylene) blends 

In a second set of experiments, blends of the polystannanes with ultra-high molar mass poly(ethylene) (commonly referred to as UHMWPE) were prepared in p-xylene solutions, followed by casting and drying. The polystannane contents typically were 10 or 25 % w/w and in the case of poly(dibutylstannane) also 30, 40, 50 and 70 % w/w, based on UHMWPE. The blends, including those with 70 % w/w poly(dibutylstannane), appeared homogeneous but opaque. In the optical microscope no large-scale phase separation between the two polymers was detected. Blends with polystannane contents ( 40 % w/w could be readily drawn on a hot stage at about 110 °C, to draw ratios up to 40, yielding rather transparent tapes. 
Samples comprising 10 or 25 % w/w polystannane were investigated with polarized UV-vis spectroscopy (Figure 2). Upon orientation of the poly(dibutylstannane)/UHMWPE blend films, a bathochromic shift of the absorption maximum to 395 - 414 nm was observed. This shift of 20 – 40 nm could result from a change in backbone conformation, similar to that reported for polysilanes which passes a structural transition when subjected to high pressure, mechanical stretching or rubbing.[24] The UV-vis spectra of the drawn poly(dibutylstannane)/UHMWPE blends featured a pronounced dichroism, with the highest absorbance for the polarization plane of light parallel to the drawing direction. At the perpendicular position, absorbance was so weak that uncertainties regarding the extrapolated baseline, caused by light scattering from oriented pores in the poly(ethylene) matrix, prevented reliable calculation of the dichroic ratios of the absorption of this polystannane. Nonetheless, these ratios were estimated to be in the range of 10 – 35 for samples with 10 – 40 % w/w poly(dibutylstannane) and draw ratios between 7 and 40. 

Remarkably, maximum absorbance in UV-vis spectra of oriented poly(dioctylstannane) and poly(didodecylstannane) blends with UHMWPE was recorded at angles perpendicular to the polarizer, which indicates orientation of the polystannane backbones perpendicular to the drawing direction (Figure 2, Table 1). In the case of poly(dioctylstannane) (10 % w/w), an absorption maximum detected with the perpendicular polarizer position was observed at 406 nm, which was, as in the case of poly(dioctylstannane), red-shifted by ca. 30 nm compared to isotropic samples. By contrast, the absorption maximum with parallel polarizer position (376 nm) was essentially unchanged. At 25 % w/w poly(dioctylstannane) content, however, two absorption maxima (375 nm and one at 415 nm) emerged at each polarizer position (Figure 2e) (note that the maximum absorption wavelength was independent on the polarizer position). The absolute value of the (negative) dichroic ratios observed for the poly(dioctylstannane) samples were higher at the second absorption maximum (415 nm), but still much lower (-2 to -3) than those of poly(dibutylstannane). Finally, the absorption maxima of oriented poly(didodecylstannane)/UHMWPE (contents 10 and 25 % w/w, Figure 2c, f) at parallel and perpendicular polarizer position did not shift significantly with respect to those of isotropic films. At both concentrations, however, detectable dichroism at the absorption maxima of the polystannane was observed (ca. -3 at 10 % w/w and -6.5 at 25 % w/w). 
Wide angle X-ray diffraction (WAXD) patterns  of the oriented poly(dibutylstannane)/UHMWPE blends featured in addition to the pronounced poly(ethylene) unit cell reflections (Figure 3b), distinct spots associated with the polystannane (Figure 3a). In particular, the reflection at 2θ = ~3.3° (Q = 0.51 Å-1), located perpendicular to the orientation direction of the poly(ethylene) macromolecules, corresponds to a lattice distance of 12 Å, which is in the range expected for the spacing between two parallel poly(dibutylstannane) chains with their alkyl moieties in the extended state (13 Å, with standard bond lengths for Sn-C, C-C and C-H of 2.2, 1.5 and 1.1 Å, respectively, and the standard bond angles at the carbon and tin atoms of 109°).[25, 26] That position, of course, indicates a parallel orientation of the polymer main chains with respect to the drawing axis. For comparison purposes, a WAXD pattern of a sheared film of poly(dibutylstannane) is shown in Figure 3c, revealing some, but substantially less perfect uniaxial orientation than obtained with solid-state tensile drawing of the blends with UHMWPE. 

Unfortunately, Bragg reflections of poly(dioctylstannane) and poly(didodecylstannane) appeared in the area of the beam stop or overlapped with spots due to UHMWPE, and, hence, no textural information could be reliable derived from the diffraction patterns of these blend samples.
2.3 Orientation by drawing of melt-compounded polystannane-poly(ethylene) blends 

In a next set of experiments, blends of 1, 5, 10 and 25 % w/w poly(dibutylstannane) in high-density poly(ethylene) (HDPE) were prepared by melt-compounding and extrusion at 220 °C into tapes of ca. 0.5 mm thickness and 8 mm width (Figure 4). The densities of the polymer blends (0.94, 0.96, 0.98 and 1.02 gcm-3 for 1, 5, 10 and 25 % w/w polystannane at 25 °C) were, within the experimental precision, in agreement with the calculated densities, using 1.41 g cm-3 for poly(dibutylstannane) and 0.93 g cm-3 for the extruded HDPE.
Tensile tests of the extruded blend tapes were performed at room temperature, where – as noted – poly(dibutylstannane) is present in a nematic liquid-crystalline state.[3] The elongation at break (2200 – 2500 %) of blends comprising up to 10 % w/w poly(dibutylstannane), did not change significantly from that of neat HDPE, while at contents of 10 and 25 % w/w only a slight decrease was detected. The Young’s modulus and yield stress of the blends decreased essentially linearly with increasing polystannane content (Figure 5). It was observed that the tapes became white upon drawing due to pore formation. As a result of the relatively large sample thicknesses and the opacity induced by light scattering at the pores, the stretched tapes were not suited for  UV-vis measurements with polarized light. However, WAXD patterns of the stretched tapes (Figure 6) showed that the 25 times drawn blend exhibited a high degree of uniaxial orientation and crystalline order. The diffraction patterns of poly(dibutylstannane) closely resembled those in stretched UHMWPE blend samples (cf. Figure 3a). 
2.4 Orientation by crystallization of polystannanes onto oriented PTFE layers
Oriented films were also prepared by crystallization of the three polystannanes from solution onto glass slides that were coated with a friction-deposited, thin layer of uniaxially oriented poly(tetrafluoroethylene) (PTFE).[22] UV-vis spectra of such samples revealed that the loci of absorption maxima of the polystannanes did not differ noteworthy from those observed for non-oriented samples. Dichroism was observed in the case of poly(dibutylstannane) (dichroic ratio ~ 2) and poly(didodecylstannane) (dichroic ratio ~ -3), whereas no significant dichroism was detected for poly(dioctylstannane) (Figure 7). This implies that the poly(dibutylstannane) macromolecules were oriented with the main chain parallel  and the poly(didodecylstannane) molecules perpendicular  to the extended PTFE molecules, whereas poly(dioctylstannane) showed little overall preferred orientation (Table 1). This conclusion is supported by examination of the samples between crossed polarizers in the optical microscope: orientation was evident for poly(dibutylstannane) and poly(didodecylstannane) films, whereas virtually no change in birefringence was observed during rotation of the poly(dioctylstannane) films between the crossed polarizers.
Because the polystannane films crystallized onto PTFE were too thin for analysis with common X-ray diffraction equipment, grazing-incidence diffraction using synchrotron radiation was performed. In-plane scans with the scattering vector parallel and perpendicular to the PTFE alignment direction, combined with rocking scans on the main peaks, yielded unambiguous information about the crystallinity and orientation of the polystannanes (Figure 8). For poly(dibutylstannane), a high degree of preferred main chain orientation parallel to the PTFE alignment was observed. The angular distribution of the crystallites in the sample plane, measured on the main peak (at Q = 0.49 Å-1), had a full width at half maximum (FWHM) of 8±1º, which is very low indeed and indicative of a high degree of uniaxial order. For poly(didodecylstannane), it is seen in Figure 8c that the rocking curve of the main diffraction peak (at Q = 0.19 Å-1) is shifted by 90º when compared with that in Figure 8a, demonstrating that in this case the main chains are oriented perpendicular to the PTFE alignment direction. However, the degree of preferred orientation is relatively modest when compared with that observed for poly(dibutylstannane) films, with an FWHM 30±3º. The difference in solid-state structure between poly(dibutylstannane) and poly(didodecylstannane) suggests a most interesting and useful transition between parallel and perpendicular orientation dictated by the length of the side groups. Indeed, for poly(dioctylstannane) with intermediate side-chain length, a bimodal crystal orientation distribution was found, centered about the parallel and the perpendicular orientations(Figure 8b). Judging from the data in this figure orientation of the polystannane backbone perpendicular to the PTFE axis (peak at φ = 0º) occurred about twice as frequently as parallel. (see also Table 1). 
3. Discussion

We demonstrated that polystannanes can be readily oriented by shearing, tensile drawing of blends with poly(ethylene) or deposition from solution onto substrates coated with an oriented PTFE layer. Interestingly, not only the method applied affected the orientation of the poly(dialkylstannane)s, but also the length of the alkyl side groups was found to play a decisive role with regard to the orientation of the polymer backbone. The polymer with the shortest alkyl group, i.e. poly(dibutylstannane), invariably oriented with its backbone parallel to the externally induced orientation axis defined by either the direction of mechanical forces applied or by linear surface structures. A particularly high degree of orientation, and concomitant high dichroic ratios were obtained by tensile drawing of poly(dibutylstannane) embedded in a poly(ethylene) matrix. 
In contrast to poly(dibutylstannane), the backbone of poly(didodecylstannane), i.e. the polymer with the longest alkyl side chain, in most cases was oriented perpendicular to the orientation axes, except when the polymer was sheared below the first phase transition (55 °C, crystallization at 39 °C upon cooling), where it is present in a liquid-crystalline lamellar phase.[3] In deposition from solution or mechanical deformation at elevated temperature (≥60 °C), where poly(didodecylstannane) was present in the isotropic state, the alkyl side groups determined the orientation of the poly(didodecylstannane) backbone with the relatively long side groups orienting parallel to the predefined orientation axis, forcing the backbone into a perpendicular orientation. Particularly pronounced perpendicular orientation of the polymer backbone was observed for deposition from solution on PTFE-coated substrates and upon tensile drawing at 110 °C, i.e. under conditions where the polymer backbone was rather mobile. 

Evidently, orientation of the polystannane of an intermediate length of the side group, where the backbone and the side chains both “responded” to the external driving forces was more complex. Indeed, poly(dioctylstannane) deposited on substrates with aligned PTFE exhibited a broad bimodal orientation distribution, which is consistent with the absence of significant dichroism (resp., Figure 7b and 8b). However, in the samples prepared by shearing or drawing, orientation was induced in a similar manner as in poly(didodecylstannane), which demonstrates that not only the length of the side groups, but also the method of orientation may play a role in directing the polystannane backbones.

Some comments are in order regarding the absorption maxima in UV-vis spectra of sheared or drawn poly(dioctylstannane). The latter, taken with non-polarized light (corresponding to Figure 1b, 2b and 2e at φ = 45°, i.e. measuring at 45° is equivalent to using non-polarized light) differed from that of unoriented samples (N.B. the shape of the spectra did not change when non-polarized light was used instead of polarized light at φ = 45°). The absorption maximum in the former exhibited a bathochromic shift of 10 - 20 nm (Figure 2b at φ = 45°), a shoulder around 410 – 420 nm (Figure 1d at φ = 45°), or even two absorption maxima (Figure 1b, 2e). A bathochromic shift of 10-20 nm was observed also in the case of drawn poly(dibutylstannane) (Figure 2a and 2d at φ = 45°). In this context it is noteworthy that poly(dialkylsilane)s were reported to display a helical or an all-anti backbone structure,[12, 13, 24] which show different absorption maxima separated by a few tens of nm, with the absorption maximum of the all-anti structure shifted to higher wavelengths. It is also known that polysilanes can change their backbone conformation when subjected to mechanical force, i.e. high pressure, rubbing or drawing.[24] Accordingly, the appearance of a second absorption maximum at higher wavelengths, here reported for selected polystannanes, might be analogously interpreted as deformation of an initially present backbone conformation into another, for instance from a helical to an all-anti structure. No significant shift of the absorption maximum was found for poly(didodecylstannane) in any of the mechanically oriented samples (Figure 1c, 1e, 2c, 2f and 7c). This observation appears gratifyingly consistent with the finding that this polymer oriented perpendicular to the direction in which the force was applied, and, hence no stress was exerted on the polymer backbone itself that might have caused the above suggested conformational change. We note, however, that under film formation circumstances that are free of mechanical stress, this polymer featured an absorption maximum around 409 nm and not around 375 nm where undeformed poly(dibutylstannane) and poly(dioctylstannane) absorbed. Hence one can also conclude that poly(didodecylstannane) already existed in the “second” – possibly all-anti – structure.
Finally, we wish to point out that, clearly, the ability to control the orientation direction of the present semi-conducting polymers – either through macromolecular design or choice of processing method – is of significant importance, as it allows to readily fulfill (literally) “orthogonal” requirements for different electronic device architectures based on such materials.  
4. Conclusions

Poly(dialkylstannanes) can be oriented by shearing, deposition from solution onto substrates with an oriented PTFE alignment layer, and drawing of polystannane-polyethylene blends. The orientation of the polystannane backbone was observed to be determined not only by the orientation method but also by the length of the alkyl side groups. The main chain was found to be able to orient not only parallel but - in the case of longer side chains - also perpendicular to the external orientation stimuli. Upon orientation with mechanical forces, it appears that the polystannanes can change their backbone conformation, for example from a helical into an all-anti conformation, which is in contrast to orientation by deposition from solution on PTFE-coated glass substrates, where only helical conformations were observed.
5. Experimental 

5.1 Materials and Preparation
The polystannanes were synthesized by catalytic dehydropolymerization of the respective dialkylstannanes following the procedure described previously,[2, 3] yielding poly(dibutylstannane), poly(dioctylstannane) and poly(didodecylstannane) of number-average molecular masses Mn between 2·104 and 4·104 g mol-1 with a polydispersity of about 2. Mn was determined by gel permeation chromatography (GPC) with a PL gel 5 (m Mixed-D column, tetrahydrofuran as eluent and using atactic poly(styrene) standards (Fluka, Buchs, Switzerland) for calibration.

Blends of the polystannanes with ultra-high molar mass poly(ethylene), UHMWPE Stamylan® 210 (DSM, Geleen, The Netherlands) were prepared by co-dissolution of the polystannane in 1 % w/w poly(ethylene) solutions at 120 °C in p-xylene (Acros Organics, Basel, Switzerland). Typically, 0.80 g UHMWPE was stirred in 77.48 g p-xylene at 120 °C until a homogenous solution was obtained. In another vessel, the polystannane was dissolved in 2 ml p-xylene in absence of light at 60 °C for a few minutes. This solution was then added to the hot UHMWPE solution and stirred for 20 seconds. Subsequently, the resulting homogeneous mixture was poured into an aluminum tray (10 x 10 cm) and dried for 2 days under nitrogen flow in the dark. The obtained films were cut in rectangles and stamped with ink marks before they were drawn to various extensions on a hot stage at about 110 °C. 

For melt-compounding and tape extrusion, high-density poly(ethylene) HDPE MG 9641 (Borealis, Vienna, Austria) with a weight-average molar mass Mw of 1.5·105 g mol-1 (determined by high-temperature GPC at 135 °C with trichlorobenzene as eluent) was used. After mixing poly(dibutylstannane) and HDPE in a Retsch Grindomix GM200 (Haan, Germany) mixer at a speed of 9500 rpm for 45 seconds, the samples (typically 30 g) were added to a co-rotating twin-screw mini-extruder (MiniLab HAAKE Thermo Electron Corporation, Karlsruhe, Germany) at 220 °C equipped with a treadmill and roller. Four different poly(dibutylstannane) blends were prepared with contents of 1, 5, 10 and 25 % w/w. 
Poly(tetrafluoroethylene) friction-transfer layers[22] were deposited on glass slides commonly used for microscopy with a Tribotrack Instrument (Daca Instruments, Santa Barbara, USA) at a temperature of 300 °C, a slide velocity of 1 mm s-1 and a load force of 50 N. Smooth layers of polystannane were obtained by placing one drop of a solution of 5 % w/w of the polymer in between two PTFE-coated glass slides, followed by drying under a flow of nitrogen in the dark. For UV/Vis measurements thicker films were produced from 1 w/w % solutions of polystannane in dichloromethane. 
5.2 Characterization

Polarization optical microscopy was conducted with a Leica DM400M polarization microscope. Polarizing UV-vis measurements were performed with a Perkin Elmer Lambda 900 spectrophotometer equipped with rotating polarizers. Wide-angle X-ray diffraction (WAXD) patterns were recorded with an Oxford Diffraction XcaliburTM PX instrument, using MoKα radiation (wavelength 0.71 Å). Thin films were folded four times in order to increase the diffraction intensity. Grazing-incidence X-ray diffraction (GIXD) was performed with polystannane films onto oriented PTFE using the diffractometer associated with the BW2 wiggler beamline at HASYLAB, with a wavelength ( = 1.2398 Å and an incidence angle of 0.158(, which is just below the critical angle for total reflection from the substrate. The measurements were carried out with a rotation φ about the vertically oriented sample normal. The sample cell was made of Kapton® and flushed with helium to reduce beam damage of the material. The measurements were performed in the dark because of the light sensitivity of the polystannanes. The scattered radiation was probed with a Cyberstar point detector at approximately 1.2 m from the sample. The scattering vector Q ≡ kout – kin, where kin and kout are the in- and out-going wave vectors, respectively, and k = |kout| = |kin| = 2( / (. Q was decomposed into a Cartesian reciprocal coordinate system (Qx, Qy, Qz) with Qz along the film normal, Qx perpendicular and Qy parallel to the PTFE alignment. Real space distances d are related to Q by d = 2π / Q, and Q2 = Qx2 + Qy 2 + Qz 2. In-plane rocking scans, performed by keeping the detector at a fixed position corresponding to a major crystalline reflection, while rotating the sample about the film normal, probes the alignment of the crystalline film.[27, 28] Deviations from full 180º symmetry are due to sample misalignment.
Tensile tests were performed at room temperature with an Instron Tensile Tester (model 5864) using dumbbell-shaped specimens of 12.6 mm gauche length, 2 mm width and various thicknesses. The cross-head speed was 20 mm min-1. Densities were determined with a  helium gas pycnometer (Quantachrome Ultrapycnometer – 1000) at 25 °C equipped with a Haake DC10 thermostat.
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Table 1: Schematic summary of the preferential orientation direction of the different polystannane chains, represented in black; the direction of external orientation stimuli, i.e. shearing, tensile drawing or PTFE alignment direction indicated in grey.   
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[image: image1]
Figure 1: Optical microscopy images taken between crossed polarizers at an angles of 45° with respect to the polarization directions (left) and optical absorption spectra at 0°, 45° and 90° between the polarization plane of the light and the shearing direction (right) of poly(dialkylstannane) films, prepared by shearing onto a quartz glass slide. a) Poly(dibutylstannane), b) poly(dioctylstannane), c) poly(didodecylstannane), all sheared at room temperature; d) poly(dioctylstannane) sheared at 40 °C; and e) poly(didodecylstannane)  sheared at 60 °C. Note the reversal of the sign of dichroism (see text) for poly(dioctylstannane) and poly(didodecylstannane) upon shearing at elevated temperatures. 
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Figure 2: Polarized optical absorption spectra of oriented polystannane/UHMWPE blends at different angles φ between the polarization plane of the light and the orientation direction of the films (parallel (φ = 0°), in 5°-steps to perpendicular (φ = 90°)). a) Poly(dibutylstannane), b) poly(dioctylstannane) c) poly(didodecylstannane), all 10 % w/w blends with UHMWPE, draw ratio ca. 20; d) poly(dibutylstannane), draw ratio ca. 30, e) poly(dioctylstannane), draw ratio ca. 10, f) poly(didodecylstannane) draw ratio ~15, all 25 % w/w blends with UHMWPE.  
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Figure 3: Wide-angle X-ray diffraction (WAXD) patterns of a) drawn poly(dibutylstannane)/UHMWPE blend (25 % w/w polystannane, draw ratio ~10); b) reference UHMWPE film drawn to same draw ratio; c) oriented poly(dibutylstannane) sample sheared onto a microscope glass slide. Double arrows indicate drawing or shearing direction.
  
Figure 4: Reflected light photographs of melt-compounded and extruded poly(dibutylstannane)/high-density poly(ethylene) blend tapes of different polystannane contents (left to right: 0, 1, 5, 10, 25 % w/w). 
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Figure 5: Young’s modulus (() and yield stress (() vs. poly(dibutylstannane) content of melt-compounded and extruded blend tapes with high-density poly(ethylene) (HDPE).
[image: image10.emf]
Figure 6: Wide angle X-ray diffraction patterns of: a) as-extruded 25 % w/w poly(dibutylstannane)/HDPE tape; b) after drawing to a draw ratio of 25; arrows indicate diffraction spots resulting from poly(dibutylstannane); c) reference, neat HDPE sample drawn 25 times. Double arrows indicate drawing direction.
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Figure 7: Optical absorption spectra of polystannanes deposited on uniaxially oriented PTFE layers on glass slides, using polarized light at different angles φ between the polarization plane of the light and the orientation direction of the PTFE layer: a) poly(dibutylstannane); b) poly(dioctylstannane); and c) poly(didodecylstannane).

Figure 8: (top row) Radial in-plane scans with the scattering vector Q perpendicular (Qx) and parallel (Qy) to the PTFE alignment direction. (bottom row) Rocking curves for the peak at Q = 0.46, 0.26 and 0.19 Å-1. a) Poly(dibutylstannane): the small-angle features (Q < 1 Å-1; d > 6 Å) due to interchain periodicities are most pronounced in Qx, indicating orientation of the crystallites parallel to the PTFE alignment layer. b) Poly(dioctylstannane): features are comparable in the two scans, but the rocking scan (bottom) at Q = 0.26 Å-1reveals that, the crystallites have two preferred modes of orientation, parallel and perpendicular to the PTFE axis. c) Poly(didodecylstannane): features are most pronounced in Qy, indicative of a perpendicular orientation to the PTFE alignment, consistent with the rocking curve shown for the Q = 0.19 Å-1 peak. The thin solid line is a diffraction-volume-corrected curve, which compensates for most of the instrumental misalignment. 
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