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Abstract

:

In this contribution, we explored the copolymerization of propylene with higher α-olefins, including 1-octene (C8) 1-dodecene (C12), 1-hexadecene (C16) and 1-eicosene (C20), by using a dimethyl pyridylamidohafnium catalyst. A series of copolymers with varied comonomer incorporation, high molecular weight and narrow molecular weight distribution were obtained at mild conditions. The effects of the insertion of the comonomers on the microstructure, thermal and final mechanical properties were systemically studied by 13C NMR, wide-angle X-ray scattering, DSC and tensile test. Excellent mechanical performances were achieved by tuning the incorporation and chain length of the higher α-olefins. When the comonomer content reached above 12 mol.%, polypropylene-based elastomers were obtained with high ductility. A combination of excellent elastic recovery and flexibility was achieved for the P/C16 copolymers with about 20 mol.% monomer incorporation. The monomer incorporation and side chain length played a crucial role in determining the mechanical property of the outstanding polypropylene-based elastomers.
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1. Introduction


Polyolefin represented by polyethylene (PE) and polypropylene (PP) is one of the most important kinds of thermoplastics in the market. It enjoys tremendous production volume and wide applications in our daily life because of their unique combination of chemical and physical properties [1,2,3,4,5]. In recent years, the further prosperity of polyolefin material is motivated by thermoplastic elastomer (TPE) in high value-added applications. Because of their excellent recyclability and processability, TPE is widely used as a very attractive alternative to vulcanized rubbers in many applications [6,7]. Among various developed TPEs, polyolefin elastomer (POE) exhibits many excellent performances, such as low density, good tolerance with aging and ultraviolet, easy processability and low costs. Thus, copolymerization of ethene or propylene with α-olefins, as the most direct and effective approach to POE, has been intensively studied in the past decades [8,9] The properties of the POE, such as strength, stiffness, elasticity, processability and solvent resistance, can be modulated in a wide range by controlling the microstructure of polymer chain, including monomer structure, incorporation and distribution, as well as the molecular weight. The widely tunable properties enable the POE materials to be extensively applied in various fields ranging from elastomer products, adhesive, toughening modifier to compatibilizer.



Since the first commercial POE developed by the copolymerization of ethene and 1-octene, many kinds of olefin-based elastomers with different multi-block or graft structures have been prepared by using different catalytic systems or synthetic strategies [10,11,12,13,14]. In these olefin-based elastomers, the crystalline PE chain domains (hard segments) acting as physical cross-links is indispensable for good strength, while the amorphous ethene/α-olefin chain domains (soft segments) endows the POE with an excellent elastic recovery [15,16]. In this context, the PP-based elastomer is more preferential because PP has a higher melting temperature (Tm) and a lower chain conformational mobility compared to PE, which can reduce the viscous flow and chain entanglement during stretching to some extent [17,18,19]. In addition, PP has two highly ordered microstructures: Isotactic PP (iPP) and syndiotactic PP (sPP). Integrating these ordered microstructures in the atactic PP (aPP) or other amorphous copolymer will develop novel POEs with structural diversity and tunable properties, for example, sPP-b-poly(ethylene-co-propylene)-sPP triblock copolymer, iPP-b-aPP-block(b)-iPP multi-block copolymer, poly(ethylene-co-propylene)-graft(g)-iPP and poly(ethylene-co-propylene)-g-iPP copolymer. These new PP-based elastomers showed outstanding performance, including remarkable elastic properties, excellent stiffness-flexibility balance and easy processability [20,21,22]. With the development of group IV single-site catalysts, we can easily control the chain microstructure and the final material properties [23]. For instance, a series of closely related ansa-bridged metallocene-based catalysts afford several grades of iPP materials with different levels of stereo-error incorporation in a single reactor process [24,25,26,27,28,29]. Correspondingly, stereo multi-block copolymers could be prepared in one-pot by an “oscillating” catalyst or living catalyst system. These iPP-based materials exhibited appealing physical properties ranging from stiff plastics to thermoplastic elastomers. However, it is a key challenge for the development of high-performance PP-based elastomer given that per living catalyst molecule only producing one polymer chain, resulting in low economic efficiency. Moreover, tailoring these polymer microstructures usually requires a very profound insight into the relationships between catalytic performance and chain microstructure, final mechanical properties.



Copolymerization of propylene with other comonomers is a versatile and effective method to modify polypropylene chain and the final properties, which produces a wide range of interesting materials [8,13,30,31,32,33,34]. The performance of the PP-based elastomers is determined by comonomer structure, incorporation and distribution along the backbone. Many works clearly demonstrated that the length and incorporation of side chain remarkably affected the chain entanglement, crystallization of PP backbone, the glass transition temperature (Tg) of propylene copolymers, and the final mechanical properties [35,36,37,38]. So far, 1-hexene (C6) and 1-octene (C8) are two types of the most widely used comonomers for PP-based elastomer, which typically process poor elastic recovery [39,40,41,42,43,44,45,46,47,48]. In contrast, copolymerization of propylene with higher α-olefins not only can provide microstructure diversity, but also can offer excellent physical performance like good stiffness-flexibility balance. However, to the best our knowledge, there are few reports on the copolymerization propylene with the higher α-olefins, such as C12), C16 and C20 [49,50]. To achieve novel PP-based elastomers with excellent performance for high value-added prospective applications, in this work, we focus on the development of elastomeric materials from the copolymerization propylene with higher α-olefins, such as C12, C16 and C20.



Copolymerization of propylene with higher α-olefins by metallocene catalysts has received extensive attention in recent years [51,52,53]. However, increasing loading dosage of the higher α-olefins generally results in a decrease in the polymerization activity and the molecular weight of the resultant copolymer, preventing further investigation into mechanical properties. Recently, we reported the homo-polymerization of higher α-olefin by the (pyridyl-amido) hafnium catalyst and elaborated the structure-property relationships of the resultant polyolefins [54]. This preliminary work motivated us to further investigate the structure-property relationships of propylene/higher α-olefin copolymers obtained by the versatile and robust (pyridyl-amido)hafnium catalyst as illustrated in Scheme 1. In present work, the copolymerization of propylene with 1-dodecene (C12), 1-hexadecene (C16) and 1-eicosene (C20) are conducted under optimized conditions to prepare the PP-based elastomers. The copolymerization behaviors, the characterization of microstructure and final mechanical properties will be described. The relationship between incorporation and chain length and final physical performance will be discussed systemically as well.




2. Experimental Section


2.1. General Procedure and Materials


All work involving air- and/or moisture-sensitive compounds was carried out under a nitrogen atmosphere by using standard Schlenk technique. The dimethyl (pyridylamido)hafnium precatalyst was prepared following the procedure reported previously [33,34]. [Ph3C] [B(C6F5)4] and AliBu3were purchased from Albemarle Corporation and Aldrich, respectively, and used without further purification. Anhydrous solvents used in this work were purified by a Solvent Purification System purchased from Mbraun (Munich, Germany). All the higher α-olefins were dried over CaH2 before distillation. It should be noted that for 1-eicosene, a vacuum distillation equipped with air condenser was applied and the fraction was collected at the temperature around 190–210 °C under vacuum.




2.2. General Procedure for Copolymerization


The copolymerization was carried out in a 50 mL Schlenk flask under propene atmosphere. The flask was repeatedly evacuated and refilled with propene. The prescribed amount of AliBu3, α-olefin and solvent were successively added to the Schlenk flask stirred for 5 min, and the polymerization reaction was started by adding the prescribed amount of catalyst and [Ph3C] [B(C6F5)4]. The reaction mixture was stirred at 25 °C. After the desired time, the reactor was vented. The resulted copolymers were precipitated from acidic ethanol, filtered, washed three times with ethanol and acetone, and then dried in vacuo at 40 °C to a constant weight.




2.3. Preparation of ESI-MS Sample


Following the procedure described above, the copolymerization of propylene with 1-octene was conducted under the reaction conditions: Catalyst 10 μmol, [Ph3C] [B(C6F5)4] 20 μmol, AliBu3 0.20 mmol, propylene 1 atm, Vtotal = 40 mL, copolymerization for 0.5 min, 1-octene 6.0 mmol. After the precipitated copolymer was isolated by filtration, the filtrate was concentrated before analyzed by ESI-MS.





3. Characterization


The 13C NMR data of the polymers were obtained on a Bruker 400 MHz spectrometer at 125 °C, with o-C6D4Cl2 as a solvent. Absolute molecular weight, molecular weight distribution, and intrinsic viscosity were obtained by size exclusion chromatography (SEC) with triple detectors. The chromatographic system consisted of a Polymer Laboratories PL 220 high-temperature chromatograph equipped with a two-angle laser light scattering detector (TALLS), a viscosity detector, and a differential refractive index detector. Polymer solutions were prepared with amounts of about 20 mg of polymer in 10 mL of 1,2,4-trichlorobenzene containing a small amount of antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT), and were eluted at 150 °C with a flow rate of 1 mL/min. Electrospray mass spectrometry (ESI-MS) analysis was performed using a Finnigan LCQ ion trap mass spectrometer (Finnigan, San Jose, CA, USA). The samples were dissolved using acetonitrile.



Polymer melting and crystallization temperatures (Tm and Tc) were measured by differential scanning calorimetry (DSC) using a TA Instruments Q2000 calorimeter (Castle, DE, USA). equipped with an automated sampler. Analyses were performed in crimped aluminum pans under nitrogen and data were collected with the heat/cool/heat cycle at a heating rate of 10 °C min−1, and processed with TA Q series software (Castle, DE., USA). Then, the Tm was obtained from the second heating cycle.



Tensile tests were performed on a screw-driven universal testing machine (Instron 1211, Canton, MA, USA) equipped with a 10 kN electronic load cell and mechanical grips. The tests were conducted at room temperature using a crosshead rate of 20 mm/min. All tests were carried out according to the ASTM standard, and the data reported were the mean and standard deviation from five determinations. The elastic recovery was determined on a portable tensile test machine (TST350, Linkam, UK). The mechanical processing was performed as follows: Tensile cyclic processing was conducted stepwise at room temperature to progressively higher tensile strains. In each step, once the sample reached the appropriate tensile strain, the crosshead direction was reversed, and the sample strain was decreased at the same strain rate. Once the stress was released, the crosshead was immediately reversed, and the sample was then extended again until it reached the next targeted maximum strain. The cyclic mechanical processing was continued until, in the final cycle, the targeted final strain was reached.




4. Results and Discussions


4.1. The Copolymerization of Propylene with Higher α-Olefins by Dimethyl (pyridyl-amido)Hafnium Catalyst


The copolymerization reactions of propylene with higher α-olefins, including 1-octene, 1-dodecene, 1-hexadecene and 1-eicosene, were conducted under the same conditions by the (pyridyl-amino) hafnium catalyst in the presence of [Ph3C] [B(C6F5)4] and AliBu3, which is well-known for the excellent ability to incorporate higher α-olefins [37]. The polymerization results are summarized in Table 1. The catalytic activity is retained even at a higher α-olefin feeding concentration up to ca. 6 × 107 gpolymer⋅molHf−1⋅h−1. The molecular weights (MWs) of the resultant copolymers (300–1700 kg/mol) increased gradually with the increase of comonomer feeding dosage. This is very different from the case of propylene/higher α-olefins copolymerizations catalyzed by the metallocene catalyst, in which a raise of content or chain length of higher α-olefins usually decreases the catalytic activity and the MWs of the resultant copolymers [55,56]. The monomer incorporation in the polymer chain increased almost linearly with the feeding content, irrelevant to the chain length of the higher α-olefins. In the following analysis, P/C8, P/C12, P/C16 and P/C20 were used to represent the PP-based elastomers containing C8, C12, C16 and C20 comonomer units.



It is noted that the Hf catalyst promoted the propylene/α-olefins copolymerization with multiple catalytical active species, but they produce copolymers with unimodal and relatively narrow polydispersity. It was reported that the ethene/α-olefin copolymers from the (pyridyl-amido) hafnium catalysts had broad molecular weight distributions that can be fit to a bimodal distribution, because either ethene or α-olefin could be inserted into the Hf-naphthyl bond and generated two types of highly active species [57,58,59]. However, under the optimized reaction conditions, all the resultant propylene/α-olefin copolymers possess unimodal molecular weight distributions (Mw/Mn < 1.6). The ESI-MS analysis was employed to figure out the type and content of the active species in the propylene/α-olefin copolymerization. All of the metal complexes decomposed to the modified ligands, when the MS test was conducted in a humid and aerobic atmosphere. The spectrum clearly showed that the original, propylene-modified and 1-octene-modified ligands (m/z is 513, 555, and 625, respectively) were present with a ratio of 37:60:3 in the copolymerization of propylene and 6.00 mmol 1-octene (Figure S1 (Supplementary Materials) in supporting information). This result showed that the propene-modified cation complex was the main active species, and the higher α-olefin-modified active species is only about 4.8% of all modified species. The catalytic activity of propene-modified and 1-octene modified active species is still difficult to be directly determined [57,58,59]. In this work, the unimodal distribution of copolymers did not change with the increase of α-olefin mole fraction in the reactor. However, we observed a slightly broadened molecular weight distribution (from 1.6 to 2.2), when prolonging the reaction time (15 min) and loading more 1-octene (10 mmol). This result may be ascribed to the activity differences between the propene-modified and 1-octene modified active species.




4.2. Microstructure and Thermal Behavior


The microstructures of the typical poly (propylene-co-α-olefin) copolymers with different comonomer units were analyzed by the 13C NMR spectra. As examples, the 13C NMR spectra of P/C8 and P/C20 with about 12 mol.% monomer incorporation are shown in Figure 1. The three main peaks P1, P2 and P3 (at 46.0, 28.4 and 21.4 ppm, respectively) are assigned to isotactic propylene units, and the rest peaks corresponding to side chains with different lengths can also be clearly assigned. The 13C NMR analysis suggests that the isotacticity of the copolymer is high up to 95% obtained by the (pyridyl-amino) hafnium when the monomer incorporation is less than 20%. Interestingly, we observed some unknown signal assignments around at methyl region of the polypropylene in copolymers with about 20% monomer incorporation. To describe the monomer sequence distributions, the methyl and methylene regions in the spectra of the P/C20 copolymers with about 20 mol.% comonomer content were analyzed (Figure 2). Here, “P” and “Y” are used to indicate the propylene and α-olefin monomer units, respectively. By inspection of the methyl region in the spectra, the pentads of mmmm and mmmr at 21.67 and 21.47 ppm was readily assigned, respectively (Figure 2a). Besides, the resonance peaks corresponding to PPPY and PPYP sequences were also detected at 21.61 and 21.54 ppm [32,60]. Figure 2b shows the expanded plot of the methylene region for the four poly(propylene-co-α-olefin) copolymers. The peaks at 46.27 and 46.56 ppm was assigned to the PPPP and PPPY sequences, respectively (Figure 2b). It is noted that no resonance peaks of the PYYP tetrad in the spectrum was found—indicating the absence of continuous incorporation and isolated distribution of α-olefin within the polymer chain even in the copolymers with a higher α-olefin comonomer content.



The melting temperature ™ of the PP main chain in these poly(propylene-co-α-olefin)s were determined by DSC and listed in Table 1 and the typical melting curves were shown in Figure S2 (Supplementary Materials). The Tm values decreased with the increase of the comonomer incorporation. This tendency was observed for all of the copolymer samples. The length of the regular sequence of polypropylene is reduced by the comonomers which are rejected from the crystalline part, thus, leading to a reduction of the size and concentration of crystals. Thus, the imperfect crystals in these PP-based elastomers result in lower Tm compared to that of the PP homopolymer. This observation also demonstrates that all the α-olefin comonomers can induce a comparable effect in shortening the regular isotactic sequences, leading to a decrease of melting temperature. Interestingly, for the P/C20 with about 18 mol.% eicosene units, two melting temperatures corresponding to the iPP backbone and side chain was observed at ca Tm1 = 80 °C and Tm2 = 16 °C, respectively. Meanwhile, two crystallization peaks were observed at 15 and 2 °C, which may be attributed to the crystallization peaks of the iPP main chain and side chain, respectively. These results further prove that the presence of the α-olefin comonomers sequences have a significant influence on the thermal behaviors of the PP-based elastomer. This will definitely affect the physical property of the materials.




4.3. Mechanical Properties


It was proved that the incorporation of higher α-olefin (side chain) could reduce the crystallization tendency of iPP. The mechanical properties of iPP are largely determined by its crystal structure, which in turn depends on the chain microstructure. Thus, we performed strain-stress tests for the copolymers to study the influence of the random copolymers with different comonomer chain lengths and incorporation (side chain length and density) on the mechanical property. Figure 3 shows the representative stress-strain curves of the compression molded films from the poly (propylene-co-α-olefin)s. The typical values of tensile properties, including Young’s modulus (E), stress (σb) and strain (εb) at break and stress (σy) and strain (εy) at yield point are summarized in Table 2. We concentrate on figuring out the relationship between chain microstructure and mechanical performances. The stress-strain curves of the P/C20 (Figure 3a) indicated that the comonomer incorporation exerted great influence on the mechanical properties of the copolymers. All of the copolymer samples, even the samples containing only 3 mol.% comonomer units, showed a significant enhancement of the ductility and flexibility compared to highly stereo-regular isotactic PP produced by the dimethyl (pyridylamido) hafnium catalyst. At the same time, both Young’s modulus and the stress values at yield point gradually decrease with an increase of the comonomer incorporation. The copolymer samples with low comonomer incorporation (less than 6 mol.%) behave as thermoplastic, as evidenced by the presence of yield point and formation of the sharp neck. The high value of tensile strength and the low values of stress at yielding are related to the strong strain hardening experienced by the samples at high deformation. In contrast, although a yield point was observed, the yield stress is much small in less crystalline samples containing about 12 mol.% comonomer units (Figure S3 (Supplementary Materials) in supporting information). The copolymer sample with a 1-eicosene incorporation of about 18 mol.% shows a typical elastomeric behavior. They deformed more homogeneously with ill-defined yield point, but the strain-hardening is obvious. Similar evolution trends in mechanical properties were also observed in the copolymers P/C8, P/C12 and P/C16 with the increase of monomer incorporation.



In the case of poly (propylene-co-α-olefin) s with different side chain lengths, P/C8-19.6 mol.% showed significantly higher Young’s moduli and tensile strength than those of P/C12-20.3 mol.%, P/C16-20.5 mol.% and P/C20-18.24 mol.% (Figure 3b). However, when the side chain length was increased from 10 to 18 (C12, C16 and C20), the influence of the side chain length on the stress-strain curve becomes negligible. Zhang et al. previously reported that the side chain should be regarded as defects, and the critical length for the side chain to form cocrystallization with PE backbone is 10 carbons [61]. In our case, the lattice of PE side chain and iPP backbone is quite different, which imply that all of the PE side chains in poly(propylene-co-α-olefin)s exist as defects for crystals of the iPP backbone. As a result, the perfect lamellar structure was formed in P/C8 leading to improved mechanical property. As for the copolymers containing side chain of 10, 14, 18 carbons (C12, C16, C20), the crystallization of side chain had very similar effects on the formation of iPP crystals. Therefore, the copolymers with a side chain length longer than 10 carbons (P/C12, P/C16, P/C20) exhibited a similar stress-strain behavior during the deformation process.



It is worth emphasizing that the poly (propene-co-α-olefin) s (containing 12.0 and 20.0 mol.% α-olefin units) with poorly crystalline presented typical stress-strain curves of elastomeric materials, exhibiting a small yielding and high deformation at the break. Besides, strain-hardening at high deformation was also observed. The DSC analysis has clearly shown that these samples possess detectable Tm, indicating the existence of small crystalline domains. The small crystalline domains will act as physical cross-links in the amorphous matrix and endow the materials with attractive elastomeric properties. The elasticity is the ability of a material to return to its initial state once the force removed. The step cycle tensile tests are the most effective method to characterize the elasticity. Consequently, we measured the elastic recovery of poly (propene-co-α-olefin) copolymers. Firstly, we measured the elastic recovery of poly (propene-co-α-olefin) copolymers with about 12 mol.% α-olefin units, and the tensile curves were shown in Figure S4 (Supplementary Materials). Figure 4a summarized the values of elastic recovery for poly (propene-co-α-olefin) copolymers with about 12.0 mol.% α-olefin units. As shown in Figure 4a, the elastic recovery quickly decreased when the deformation was increased from 50 to 200%. The copolymer P/C16 with about 12 mol.% comonomer units exhibited the best elastic recovery among the copolymers of the similar comonomer incorporation during the whole deformation process. Secondly, we further measured the elastic recovery of poly (propene-co-α-olefin) copolymers with about 20 mol.% α-olefin units, and the tensile curves were shown in Figure S5 (Supplementary Materials). Figure 4b presented the values of elastic recovery for poly (propene-co-α-olefin) copolymers with about 20.0 mol.% α-olefin units. Interestingly, when the comonomer incorporation increased, elastic recovery performance of the P/C16 copolymers enjoyed an impressive improvement compared to that of P/C16 copolymers with 12 mol.% α-olefin units, exhibiting higher than 80% over the whole range of deformation. The elastic recovery of the copolymer with the same level of monomer incorporation, but different side chain length was further investigated to reveal the effects of chain length on the mechanical properties and obtain PP-based elastomer with high performance. As shown in Figure 4b, the elastic recovery of PP-based elastomer was greatly improved when the length of the side chain increased from C8 to C16. However, the further increase of side chain length from C16 to C20 leads to a significant decrease in elastic recovery during deformation. These results imply that the side chain with a certain length promises a good recover property.



Moreover, to deeply understand the elastic performance of the PP-based elastomer, we also conducted the hysteresis tests for the typical copolymers P/C12 and P/C16 with the similar incorporation of 20 mol.% commoners. The samples were cyclically loaded and unloaded ten times to 300% strain, as shown in Figure 5. Although the P/C16 copolymer exhibited a certain amount of unrecovered strain after the first cycle because of a permanent structural change to some extent, a pretty good elastomeric performance was still achieved with only a minimum deformation on each subsequent cycle. Even after 10 cycles of tensile recovery, the unrecovered strain from 300% is less than 40%, which is totally different from that of the copolymer P/C12 copolymer. As for the P/C12 copolymer, a large amount of unrecovered strain after the first cycle and significant deformation on each subsequent cycle were observed, indicating a relative poor elastic recovery. In summary, copolymer P/C16 with 20.3 mol.% monomer incorporation and ideal side chain length is an outstanding elastomeric material with desirable mechanical performance.



We envisioned that the synergistic effect of the physical cross-links acted by the small crystalline domains and the appropriate chain entanglement density is the key mechanism for the good physical performance of the PP-based elastomers. As illustrated in Scheme 2, the incorporation of α-olefin units into the PP backbone results in a decrease in crystallinity of copolymer, which enables the copolymers varying from brittle plastic to toughening elastomer. The presence of small crystalline anchors was believed to prevent the viscous flow of the chains and give a typical elastomeric behavior with a remarkable value of the strength. In addition, the chain entanglement density in the amorphous phase, which is mainly affected by the molecular weight and architecture, will also contribute the elastic recovery after deformation [62,63,64,65,66]. The poly (propene-co-α-olefin) copolymers with 12 mol.% incorporation showed a good tensile property. However, the crystalline side chain domain might experience plastic deformation at high tensile stress during elongation, resulting in a lower elastic recovery at high deformation. In contrast, as for the PP-based elastomers containing high comonomer incorporation (20 mol.%) and longer side chain length, the crystallinity and entanglement density in amorphous domains achieve a perfect balance, thus, leading to a significant improvement of the value of elastic recovery in the whole stretching process.





5. Conclusions


Activated by [Ph3C] [B (C6F5)4], dimethylpyridylamidohafnium complex exhibited excellent performance (catalytic activity is up to 6 × 107 g/molHf⋅h⋅atm) in the copolymerization of propene with higher α-olefin, including C8, C12, C16 and C20. PP copolymers with high molecular weight (up to 160 × 104 g/mol) and unimodal distributions (PDI < 1.6) were easily obtained under mild condition. The 13C NMR analysis showed the isolate distribution of α-olefin and the absence of continuously incorporated α-olefin sequence. Thus, the randomly distributed α-olefin units shortened the average length of iPP sequence and resulted in a decrease in Tc values of the copolymers. Two crystallize peak assigned to the PP backbone and side chain, respectively, was observed in the P/C20 copolymers. All of the copolymers exhibited higher ductility and flexibility than iPP because of the reduced crystallinity. The copolymers with about 20 mol.% monomer incorporation contains exhibited elastomeric behavior, in which a small amount of crystalline (serve as physical cross-linking) was dispersed in the large fraction of amorphous matrix. The side chain length has important effects on the elastic recovery. The elastic recovery of P/C8 and P/C20 with about 20% monomer incorporation decreased significantly at higher strain, while the copolymer P/C16 and P/C12 exhibited high elastic recovery (higher than 80%) in the whole range of deformations. Subsequent hysteresis tests revealed a large amount of unrecovered strain after the first cycle and significant deformation on each subsequent cycle in the copolymer P/C12. Although nearly 35% unrecovered strain occurred after the first cycle, minimum deformation and good recovery were observed on each subsequent cycle. Thus, P/C16 copolymers with about 20 mol.% hexadecane units were proved to be an outstanding PP-based elastomeric material.
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Data, including characterization of the polymer samples, is available online. https://www.mdpi.com/2073-4360/12/1/89/s1, Figure S1: ESI-MS spectra of propylene/1-octene copolymerization filtrate (tested under humid aerobic conditions). Figure S2: The DSC curves of the typical copolymers: poly(propylene-co-1-hexadecene)s and other poly(propylene-co-α-olefin)s with various α-olefin incorporation. Figure S3: Stress-strain curves of the typical copolymers: poly(propylene-co-1-octene)s and other poly(propylene-co-α-olefin)s with similar comonomer incorporation (~12 mol.%). Figure S4: Cyclic tensile test curves of poly(propylene-co-α-olefin) with similar comonomer incorporation (~12 mol.%) under a maximum strain from 50% to 1200%. Figure S4: Cyclic tensile test curves of poly(propylene-co-α-olefin) with similar comonomer incorporation (~20 mol.%) under a maximum strain from 50% to 1200%.





Author Contributions


Formal analysis, L.P.; Funding acquisition, Y.L.; Investigation, F.Y.; Methodology, X.W.; Supervision, B.W.; Validation, Z.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors are grateful for financial support from the National Natural Science Foundation of China (No.21690071).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Brintzinger, H.H.; Fischer, D.; Mülhaupt, R.; Rieger, B.; Waymouth, R.M. Stereospecific olefin polymerization with chiral metallocene catalysts. Angew. Chem. Int. Ed. 1995, 34, 1143–1170. [Google Scholar] [CrossRef]

	



Quijada, R.; Galland, G.B.; Mauler, R.S. The influence of the comonomer in the copolymerization of ethylene with α-olefins using C2H4[ind]2ZrCl2/methylaluminoxane as catalyst system. Macromol. Chem. Phys. 1996, 197, 3091–3098. [Google Scholar] [CrossRef]

	



Boaen, N.K.; Hillmyer, M.A. Post-polymerization functionalization of polyolefins. Chem. Soc. Rev. 2005, 34, 267–275. [Google Scholar] [CrossRef]

	



Rodrigues, A.S.; Kirillov, E.; Carpentier, J.F. Group 3 and 4 single-site catalysts for stereospecific polymerization of styrene. Coordin. Chem. Rev. 2008, 252, 2115–2136. [Google Scholar] [CrossRef]

	



Shamiri, A.; Chakrabarti, M.H.; Jahan, S.; Hussain, M.A.; Kaminsky, W.; Aravind, P.V.; Yehye, W.A. The influence of ziegler-natta and metallocene catalysts on polyolefin structure, properties, and processing ability. Materials 2014, 7, 5069–5108. [Google Scholar] [CrossRef]

	



Kravchenko, R.; Masood, A.; Waymouth, R.M.; Myers, C.L. Strategies for synthesis of elastomeric polypropylene: Fluxional metallocenes with c1-symmetry. J. Am. Chem. Soc. 1998, 120, 2039–2046. [Google Scholar] [CrossRef]

	



Maciejewski Petoff, J.L.; Agoston, T.; Lal, T.K.; Waymouth, R.M. Elastomeric polypropylene from unbridged 2-arylindenyl zirconocenes:  Modeling polymerization behavior using ansa-metallocene analogues. J. Am. Chem. Soc. 1998, 120, 11316–11322. [Google Scholar] [CrossRef]

	



Saito, J.; Suzuki, Y.; Makio, H.; Tanaka, H.; Onda, M.; Fujita, T. Polymerization of higher α-olefins with a bis(phenoxyimine)Ti complex/i-Bu3Al/Ph3CB(C6F5)4:  Formation of stereo- and regioirregular high molecular weight polymers with high efficiency. Macromolecules 2006, 39, 4023–4031. [Google Scholar] [CrossRef]

	



Domski, G.J.; Lobkovsky, E.B.; Coates, G.W. Polymerization of α-olefins with pyridylamidohafnium catalysts:  Living behavior and unexpected isoselectivity from a Cs-symmetric catalyst precursor. Macromolecules 2007, 40, 3510–3513. [Google Scholar] [CrossRef]

	



Wang, H.P.; Khariwala, D.U.; Cheung, W.; Chum, S.P.; Hiltner, A.; Baer, E. Characterization of some new olefinic block copolymers. Macromolecules 2007, 40, 2852–2862. [Google Scholar] [CrossRef]

	



Gao, R.; Sun, W.H.; Redshaw, C. Nickel complex pre-catalysts in ethylene polymerization: New approaches to elastomeric materials. Catal. Sci. Technol. 2013, 3, 1172–1179. [Google Scholar] [CrossRef]

	



Hustad, P.D.; Kuhlman, R.L.; Wenzel, T.T.; Arriola, D.J.; Carnahan, E.M. Chain shuttling catalysis and olefin block copolymers. In Polymer Science: A Comprehensive Reference; Matyjaszewski, K., Möller, M., Eds.; Elsevier: Amsterdam, The Netherlands, 2012; pp. 699–737. [Google Scholar]

	



Chum, P.S.; Swogger, K.W. Olefin polymer technologies-history and recent progress at The Dow Chemical Company. Prog. Polym. Sci. 2008, 33, 797–819. [Google Scholar] [CrossRef]

	



Ostoja Starzewski, A.; Steinhauser, N.; Xin, B.S. Decisive progress in metallocene-catalyzed elastomer synthesis. Macromolecules 2008, 41, 4095–4101. [Google Scholar] [CrossRef]

	



Zhang, K.L.; Liu, P.W.; Wang, W.J.; Li, B.G.; Liu, W.F.; Zhu, S.P. Preparation of comb-shaped polyolefin elastomer having ethylene/1-octene copolymer backbone and long chain polyethylene branches via a tandem metallocene catalyst system. Macromolecules 2018, 51, 8790–8799. [Google Scholar] [CrossRef]

	



Burns, A.B.; Register, R.A. Thermoplastic elastomers via combined crystallization and vitrification from homogeneous melts. Macromolecules 2015, 49, 269–279. [Google Scholar] [CrossRef]

	



Lu, Y.; Wang, Y.T.; Fu, L.L.; Jiang, Z.Y.; Men, Y.F. Crystallization, recrystallization, and melting lines in syndiotactic polypropylene crystallized from quiescent melt and semicrystalline state due to stress-induced localized melting and recrystallization. J. Phys. Chem. B 2014, 118, 13019–13023. [Google Scholar] [CrossRef]

	



Song, X.Y.; Cao, L.X.; Tanaka, R.; Shiono, T.; Cai, Z.G. Optically transparent functional polyolefin elastomer with excellent mechanical and thermal properties. ACS Macro Lett. 2019, 8, 299–303. [Google Scholar] [CrossRef]

	



Müller, G.; Rieger, B. Propene based thermoplastic elastomers by early and late transition metal catalysis. Prog. Polym. Sci. 2002, 27, 815–851. [Google Scholar] [CrossRef]

	



Hotta, A.; Cochran, E.; Ruokolainen, J.; Khanna, V.; Fredrickson, G.H.; Kramer, E.J.; Shin, Y.W.; Shimizu, F.; Cherian, A.E.; Hustad, P.D.; et al. Semicrystalline thermoplastic elastomeric polyolefins: Advances through catalyst development and macromolecular design. Proc. Natl. Acad. Sci. USA 2006, 103, 15327–15332. [Google Scholar] [CrossRef]

	



Ohtaki, H.; Deplace, F.; Vo, G.D.; LaPointe, A.M.; Shimizu, F.; Sugano, T.; Kramer, E.J.; Fredrickson, G.H.; Coates, G.W. Allyl-terminated polypropylene macromonomers: A route to polyolefin elastomers with excellent elastic behavior. Macromolecules 2015, 48, 7489–7494. [Google Scholar] [CrossRef]

	



Wu, Q.; Su, Q.; Ye, L.; Li, G.; Mu, Y. Propylene polymerization to high molecular weight atactic polypropylene and copolymerization with 1-hexene using monocyclopentadienyl titanium catalysts. Dalton Trans. 2010, 39, 2525–2535. [Google Scholar] [CrossRef] [PubMed]

	



Mehtarani, R.; Fu, Z.; Fan, Z.; Tu, S.; Feng, L.F. Synthesis of polypropylene/poly(ethylene-co-propylene) in-reactor alloys by periodic switching polymerization process-effects of gas phase polymerization time on polymer properties. Ind. Eng. Chem. Res. 2013, 52, 13556–13563. [Google Scholar] [CrossRef]

	



Zhang, W.; Wei, J.; Sita, L.R. Living coordinative chain-transfer polymerization and copolymerization of ethene, α-olefins, and α,ω-nonconjugated dienes using dialkylzinc as “surrogate” chain-growth sites. Macromolecules 2008, 41, 7829–7833. [Google Scholar] [CrossRef]

	



Harney, M.B.; Zhang, Y.; Sita, L.R. Discrete, multiblock isotactic–atactic stereoblock polypropene microstructures of differing block architectures through programmable stereomodulated living ziegler–natta polymerization. Angew. Chem. Int. Ed. 2006, 45, 2400–2404. [Google Scholar] [CrossRef]

	



Machat, M.R.; Lanzinger, D.; Drees, M.; Altmann, P.J.; Herdtweck, E.; Rieger, B. High-melting, elastic polypropylene: A one-pot, one-catalyst strategy toward propylene-based thermoplastic elastomers. Macromolecules 2018, 51, 914–929. [Google Scholar] [CrossRef]

	



Kukral, J.; Lehmus, P.; Feifel, T.; Troll, C.; Rieger, B. Dual-side ansa-zirconocene dichlorides for high molecular weight isotactic polypropene elastomers. Organometallics 2000, 19, 3767–3775. [Google Scholar] [CrossRef]

	



Rieger, B.; Troll, C.; Preuschen, J. Ultrahigh molecular weight polypropene elastomers by high activity "dual-side" hafnocene catalysts. Macromolecules 2002, 35, 5742–5743. [Google Scholar] [CrossRef]

	



Busico, V.; Cipullo, R.; Friederichs, N.; Ronca, S.; Togrou, M. The first molecularly characterized isotactic polypropylene-block-polyethylene obtained via “quasi-living” insertion polymerization. Macromolecules 2003, 36, 3806–3808. [Google Scholar] [CrossRef]

	



Mahanthappa, M.K.; Hillmyer, M.A.; Bates, F.S. Mechanical consequences of molecular composition on failure in polyolefin composites containing glassy, elastomeric, and semicrystalline components. Macromolecules 2008, 41, 1341–1351. [Google Scholar] [CrossRef]

	



Yuan, X.; Matsuyama, Y.; Chung, T.C.M. Synthesis of functionalized isotactic polypropylene dielectrics for electric energy storage applications. Macromolecules 2010, 43, 4011–4015. [Google Scholar] [CrossRef]

	



He, Z.; Niu, H.; Zheng, N.; Liu, S.; Li, Y. Poly(ethylene-co-propylene)/poly(ethylene glycol) elastomeric hydrogels with thermoreversibly cross-linked networks. Polym. Chem. 2019, 10, 4789–4800. [Google Scholar] [CrossRef]

	



Shi, X.C.; Tang, X.Y.; Li, Y.S. Random copolymers of propylene with 1,5-hexadiene containing only cyclopentane units in main chain and tailoring structure and mechanical properties of the copolymers. Polymer 2011, 52, 3053–3058. [Google Scholar] [CrossRef]

	



Wang, B.; Wang, Y.X.; Cui, J.; Long, Y.Y.; Li, Y.G.; Yuan, X.Y.; Li, Y.S. Cyclopolymerization of Si-containing α,ω-Diolefins by a pyridylamidohafnium catalyst with high cyclization selectivity and stereoselectivity. Macromolecules 2014, 47, 6627–6634. [Google Scholar] [CrossRef]

	



Rose, J.M.; Cherian, A.E.; Lee, J.H.; Archer, L.A.; Coates, G.W.; Fetters, L.J. Rheological behavior of chain-straightened poly(α-olefin)s. Macromolecules 2007, 40, 6807–6813. [Google Scholar] [CrossRef]

	



López-Barrón, C.R.; Tsou, A.H.; Hagadorn, J.R.; Throckmorton, J.A. Highly entangled α-olefin molecular bottlebrushes: Melt structure, linear rheology, and interchain friction mechanism. Macromolecules 2018, 51, 6958–6966. [Google Scholar] [CrossRef]

	



Numura, K.; Itagaki, K.; Fujiki, M. Efficient incorporation of 2-methyl-1-pentene in copolymerization of ethylene with 2-methyl-1-pentene catalyzed by nonbridged half-titanocenes. Macromolecules 2005, 38, 2053–2055. [Google Scholar] [CrossRef]

	



Liang, H.; Cao, Z.; Wang, Z.; Sheiko, S.S.; Dobrynin, A.V. Combs and bottlebrushes in a melt. Macromolecules 2017, 50, 3430–3437. [Google Scholar] [CrossRef]

	



O’Connor, K.S.; Watts, A.; Vaidya, T.; LaPointe, A.M.; Hillmyer, M.A.; Coates, G.W. Controlled chain walking for the synthesis of thermoplastic polyolefin elastomers: Synthesis, structure, and properties. Macromolecules 2016, 49, 6743–6751. [Google Scholar] [CrossRef]

	



Na, Y.; Dai, S.; Chen, C. Direct synthesis of polar-functionalized linear low-density polyethylene (LLDPE) and low-density polyethylene (LDPE). Macromolecules 2018, 51, 4040–4048. [Google Scholar] [CrossRef]

	



Arriola, D.J.; Carnahan, E.M.; Hustad, P.D.; Kuhlman, R.L.; Wenzel, T.T. Catalytic production of olefin block copolymers via chain shuttling polymerization. Science 2006, 312, 714–719. [Google Scholar] [CrossRef]

	



Cueny, E.S.; Johnson, H.C.; Anding, B.J.; Landis, C.R. Mechanistic studies of hafnium-pyridyl amido-catalyzed 1-octene polymerization and chain transfer using quench-labeling methods. J. Am. Chem. Soc. 2017, 139, 11903–11912. [Google Scholar] [CrossRef] [PubMed]

	



Graef, S.M.; Wahner, U.M.; Van Reenen, A.J.; Brüll, R.; Sanderson, R.D.; Pasch, H. Copolymerization of propylene with higher α-olefins in the presence of the syndiospecific catalyst i-Pr(Cp)(9-Flu)ZrCl2/MAO. J. Polym. Sci. Part A Polym. Chem. 2002, 40, 128–140. [Google Scholar] [CrossRef]

	



Yamaguchi, M.; Miyata, H.; Nitta, K.H. Compatibility of binary blends of polypropylene with ethylene-α-olefin copolymer. J. Polym. Sci. Part A Polym. Chem. 1996, 62, 87–97. [Google Scholar] [CrossRef]

	



Jian, Z.; Mecking, S. Short-Chain branched polar-functionalized linear polyethylene via "tandem catalysis". Macromolecules 2016, 49, 4057–4066. [Google Scholar] [CrossRef]

	



Karbach, F.F.; Macko, T.; Duchateau, R. Preparation of ethylene/1-hexene copolymers from ethylene using a fully silica-supported tandem catalyst system. Macromolecules 2016, 49, 1229–1241. [Google Scholar] [CrossRef]

	



Lizuka, Y.; Sugiyama, J.-I.; Hagihara, H. Unexpected mechanical properties of functionalized polypropylene: Tensile test, charpy impact tensile test, DSC, and WAXD analysis of poly(5-hexen-1-ol-co-propylene). Macromolecules 2009, 42, 2321–2323. [Google Scholar]

	



Schwerdtfeger, E.D.; Price, C.J.; Chai, J.; Miller, S.A. Tandem catalyst system for linear low-density polyethylene with short and long branching. Macromolecules 2010, 43, 4838–4842. [Google Scholar] [CrossRef]

	



Arnold, M.; Henschke, O.; Knorr, J. Copolymerization of propene and higher α-olefins with the metallocene catalyst Et[Ind]2 HfC12)/methylaluminoxane. Macromol. Chem. Phys. 1996, 197, 563–573. [Google Scholar] [CrossRef]

	



Poon, B.; Rogunova, M.; Hiltner, A.; Baer, E.; Chum, S.P.; Galeski, A.; Piorkowska, E. Structure and properties of homogeneous copolymers of propylene and 1-hexene. Macromolecules 2005, 38, 1232–1243. [Google Scholar] [CrossRef]

	



Alt, H.G.; Köppl, A. Effect of the nature of metallocene complexes of group IV metals on their performance in catalytic ethylene and propylene polymerization. Chem. Rev. 2000, 100, 1205–1222. [Google Scholar] [CrossRef]

	



Angermund, K.; Fink, G.; Jensen, V.R.; Kleinschmidt, R. Toward quantitative prediction of stereospecificity of metallocene-based catalysts for α-olefin polymerization. Chem. Rev. 2000, 100, 1457–1470. [Google Scholar] [CrossRef] [PubMed]

	



Piel, C.; Stadler, F.J.; Kaschta, J.; Rulhoff, S.; Münstedt, H.; Kaminsky, W. Structure-property relationships of linear and long-chain branched metallocene high-density polyethylenes characterized by shear rheology and sec-malls. Macromol. Chem. Phys. 2006, 207, 26–38. [Google Scholar] [CrossRef]

	



Wang, X.Y.; Yang, F.; Ma, Z.; Pan, L.; Li, Y.S. Structure and property of comb-like polyoelfins derived from highly stereospecific homo-polymerization of higher α-olefins. Polymer 2019. Submmited. [Google Scholar]

	



Kaminsky, W.; Piel, C.; Scharlach, K. Polymerization of ethene and longer chained olefins by metallocene catalysis. Macromol. Symp. 2005, 226, 25–34. [Google Scholar] [CrossRef]

	



Rulhoff, S.; Kaminsky, W. Synthesis and characterization of defined branched poly(propylene)s with different microstructures by copolymerization of propylene and linear ethylene oligomers (Cn = 26 − 28) with metallocenes/MAO catalysts. Macromol. Chem. Phys. 2006, 207, 1450–1460. [Google Scholar] [CrossRef]

	



Froese, R.D.J.; Hustad, P.D.; Kuhlman, R.L.; Wenzel, T.T. Mechanism of activation of a hafnium pyridyl−amide olefin polymerization catalyst:  Ligand modification by monomer. J. Am. Chem. Soc. 2007, 129, 7831–7840. [Google Scholar] [CrossRef]

	



Zuccaccia, C.; Macchioni, A.; Busico, V.; Cipullo, R.; Talarico, G.; Alfano, F.; Boone, H.W.; Frazier, K.A.; Hustad, P.D.; Stevens, J.C.; et al. Intra- and intermolecular NMR studies on the activation of arylcyclometallated hafnium pyridyl-amido olefin polymerization precatalysts. J. Am. Chem. Soc. 2008, 130, 10354–10368. [Google Scholar] [CrossRef]

	



Zuccaccia, C.; Busico, V.; Cipullo, R.; Talarico, G.; Froese, R.D.J.; Vosejpka, P.C.; Hustad, P.D.; Macchioni, A. On the first insertion of α-olefins in hafnium pyridyl-amido polymerization catalysts. Organometallics 2009, 28, 5445–5458. [Google Scholar] [CrossRef]

	



Miller, S.A.; Bercaw, J.E. Mechanism of isotactic polypropylene formation with c1-symmetric metallocene catalysts. Organometallics 2006, 25, 3576–3592. [Google Scholar] [CrossRef]

	



Zhang, X.B.; Li, Z.S.; Lu, Z.Y.; Sun, C.C. Roles of branch content and branch length in copolyethylene crystallization:  Molecular dynamics simulations. Macromolecules 2002, 35, 106–111. [Google Scholar] [CrossRef]

	



Schrauwen, B.A.G.; Janssen, R.P.M.; Govaert, L.E.; Meijer, H.E.H. Intrinsic deformation behavior of semicrystalline polymers. Macromolecules 2004, 37, 6069–6078. [Google Scholar] [CrossRef]

	



Men, Y.; Rieger, J.; Strobl, G. Role of the entangled amorphous network in tensile deformation of semicrystalline polymers. Phys. Rev. Lett. 2003, 91, 095502. [Google Scholar] [CrossRef] [PubMed]

	



Saalwächter, K.; Herrero, B.; López-Manchado, M.A. Chain order and cross-link density of elastomers as investigated by proton multiple-quantum NMR. Macromolecules 2005, 38, 9650–9660. [Google Scholar] [CrossRef]

	



Hiss, R.; Hobeika, S.; Lynn, C.; Strobl, G. Network stretching, slip processes, and fragmentation of crystallites during uniaxial drawing of polyethylene and related copolymers. A comparative study. Macromolecules 1999, 32, 4390–4403. [Google Scholar] [CrossRef]

	



Orza, R.A.; Magusin, P.C.M.M.; Litvinov, V.M.; van Duin, M.; Michels, M.A.J. Solid-state 1H NMR study on chemical cross-links, chain entanglements, and network heterogeneity in peroxide-cured EPDM rubbers. Macromolecules 2007, 40, 8999–9008. [Google Scholar] [CrossRef]








[image: Polymers 12 00089 sch001 550] 





Scheme 1. Synthesis of polypropylene-based elastomers with the dimethyl (pyridylamido)hafnium catalyst. 
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Figure 1. 13C NMR spectra for: (a) P/C8 (1-octene 12.2 mol.%, Table 1, entry 4) and (b) P/C20 (1-eicosene 12.2 mol.%, Table 1, entry 16). 
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Figure 2. 13C NMR spectra of the methyl region (a) and the methylene region (b) of propylene-based elastomers produced by dimethyl (pyridyl-amino) hafnium catalyst. 
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Figure 3. Stress-strain curves of the typical copolymers: (a) P/C8 and other poly (propylene-co-α-olefin) s with similar comonomer incorporation, (b) P/C20 with different 1-eicosene incorporation. 
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Figure 4. Elastic recovery of the poly (propene-co-α-olefin) copolymers containing about 12 mol.% (a) and 20 mol.% (b) of high α-olefin comonomers. 
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Figure 5. Hysteresis tests for P/C16-20.3 mol.% (a) and P/C12-20.5 mol.% (b). 
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Scheme 2. The preparation PP-based elastomer through copolymerization of propene and α-olefins. 
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Table 1. The data of copolymerization of propylene with higher α-olefins a.
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	Entry
	Comonomer (mmol)
	Incorp b (mol.%)
	Act c
	Mwd (kg/mol)
	PDI d
	Tme (°C)
	Xcf (%)





	1
	
	
	3.0
	295
	2.0
	160
	54



	2
	1-octene(1.50)
	3.1
	3.6
	335
	1.6
	117
	26



	3
	1-octene(3.00)
	6.0
	4.1
	417
	1.6
	92
	19



	4
	1-octene(4.50)
	12.2
	4.7
	467
	1.4
	79
	14



	5
	1-octene(6.00)
	19.6
	5.0
	519
	1.4
	46
	9



	6
	1-dodecene(1.50)
	3.0
	4.0
	586
	1.4
	118
	28



	7
	1-dodecene(3.00)
	5.9
	4.5
	678
	1.5
	101
	18



	8
	1-dodecene(4.50)
	12.1
	4.7
	651
	1.4
	46
	11



	9
	1-dodecene(6.00)
	20.5
	5.1
	960
	1.4
	33
	9



	10
	1-hexadecene(1.50)
	3.1
	4.2
	603
	1.5
	115
	24



	11
	1-hexadecene(3.00)
	6.2
	4.7
	696
	1.4
	95
	18



	12
	1-hexadecene(4.50)
	12.2
	4.9
	1251
	1.6
	46
	11



	13
	1-hexadecene(6.00)
	20.3
	5.2
	1416
	1.5
	34
	10



	14
	1-eicosene(1.50)
	3.1
	4.6
	689
	1.4
	120
	23



	15
	1-eicosene(3.00)
	6.0
	5.1
	1482
	1.5
	115
	16



	16
	1-eicosene(4.50)
	12.2
	5.3
	1505
	1.4
	114
	10



	17
	1-eicosene(6.00)
	18.2
	5.7
	1678
	1.4
	80
	8







a Cat. Hf 1 μmol, [Ph3C] [B(C6F5)4] 2 μmol, AliBu3 0.20 mmol, propylene 1 atm, toluene solution, Vtotal = 40 mL, at 25 °C. b Comonomer incorporation (mol.%) was established by 13C NMR Spectroscopy, monomer incorporation =      1 n   (   A  43.7   +  A  35.9   +  A  33.5   +  A  31.9   +  A  30.3   +  A  29.7   +  A  29.3   +  A  26.8   +  A  22.6   +  A  13.9    )     1 n   (   A  43.7   +  A  35.9   +  A  33.5   +  A  31.9   +  A  30.3   +  A  29.7   +  A  29.3   +  A  26.8   +  A  22.6   +  A  13.9    )  +  1 3   (   A  46.2   +  A  28.6   +  A  21.6    )      × 100 %  , n is the carbon number of higher α-olefins. c Catalytic activity: 107 gpolymer⋅molHf−1⋅h−1. d Weight-average molecular weights and polydispersity indices determined by SEC with light scattering detector at 150 °C in 1,2,4-C6Cl3H3. e Melting temperature and heat of PP main chain determined by DSC at a rate of 10 °C/min, the Tm was obtained from the second heating cycle. f χc (crystalline degree of PP main chain) = ΔHm/ΔHm 0 × ω(PP). ΔHm0 = 207 J/g for 100% crystalline isotactic polypropylene.
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Table 2. The value of mechanical properties for random poly (propylene-co-α-olefin)s.
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	Sample
	E (MPa)
	σy (Mpa)
	εy (%)
	σb (Mpa)
	εb (%)





	iPP
	600 ± 15
	
	
	40.5 ± 1
	13 ± 0.5



	P/C8-12.19
	25.3 ± 2.2
	3.7 ± 0.1
	35 ± 1
	38 ± 3
	950 ± 20



	P/C8-19.60
	13 ± 0.1
	
	
	35 ± 2
	1000 ± 40



	P/C12-12.09
	4.0 ± 0.2
	3.2 ± 0.1
	34 ± 1
	33 ± 3
	1100 ± 40



	P/C12-20.50
	2.2 ± 0.2
	
	
	17 ± 1
	1150 ± 20



	P/C16-12.22
	3.8 ± 0.1
	1.6 ± 0.1
	32 ± 1
	28 ± 3
	1100 ± 20



	P/C16-20.30
	3.2 ± 0.4
	
	
	18 ± 2
	1100 ± 30



	P/C20-3.06
	157 ± 5
	12.9 ± 0.3
	21 ± 2
	30 ± 2
	1100 ± 20



	P/C20-5.96
	45 ± 2
	5.3 ± 0.1
	24 ± 1
	26 ± 1
	1050 ± 30



	P/C20-12.24
	2.7 ± 0.1
	2.9 ± 0.1
	32 ± 1
	25 ± 3
	1140 ± 50



	P/C20-18.24
	1.8 ± 0.1
	
	
	15 ± 1
	1200 ± 30











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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