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Abstract:

 Copolymerizations of propylene with ω-alkenols (aluminum-protected 5-hexene-1-ol (AH) and 10-undecene-1-ol (AU)) and non-polar analogues (1-hexene and 1-dodecene) were conducted with a rac-[Me2Si(2-Me-4-Ph-Ind)2]ZrCl2 activated by modified methylaluminoxane. The catalytic system showed high activity for each copolymerization, of which value was independent on the comonomer used and decreased with the increase of the comonomer concentration. The comonomer content of the copolymers obtained also decreased with the increase of the comonomer concentration in each copolymer. The evaluation of the monomer reactivity ratios indicates a preference for the propylene insertion regardless of the last inserted monomer unit in growing polymer chain in all the copolymerizations. The relative reactivity of ω-alkenols was however significantly lower than that of non-polar analogues. These results suggested that the aluminum protection of polar monomer do not affect the activity of copolymerization but significantly decrease the comonomer reactivity.
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1. Introduction

Polyolefins having polar functionalized side groups have a greater demand due to their unique properties such as adhesion, toughness, print/paintability, miscibility and rheological properties [1,2]. The direct copolymerization of olefin with polar functional monomer is an efficient method for the synthesis of functionalized polyolefins with control of the amount of functional group and their distribution in the polymer backbone. The recent developments of single-site catalysts, based on metallocene catalyst, have achieved this copolymerization via coordination-insertion polymerization [3,4,5,6]. Late transition metal catalysts are widely applied in the area of the direct copolymerization of functional groups with ethylene, since they are more tolerant to the functional groups and thus applicable to copolymerize the polar functional monomers [5,6]. Early transition metal catalysts require more complicated condition such as the use of functional group protection method, because these catalysts are more sensitive to the functional groups [3]. Among the protection methods, the alkylaluminum-protected polar allyl comonomers possessing long methylene spacer with a terminal functional group are commonly used.

The copolymerization of ethylene with alkylaluminum-protected polar comonomer has been studied extensively for the synthesis of functionalized polyethylene bearing alcohol [7,8,9,10,11,12,13,14,15,16,17,18], ester [8,9,19,20], ether [10,21], and acid functionalities [8,9,11,17]. However, the copolymerization activity of almost all of these catalytic systems dropped significantly compared to the homopolymerization of ethylene. Recently, several new early transition catalysts have been developed to copolymerize ethylene and polar comonomers with high activity and good contents of comonomer. For example, Fujita et al. reported the copolymerization of ethylene with hex-5-en-1-ol(5-hexene-1-yl-acetate) using bis(phenoxyimine)titanium catalyst with an activity of 5.15 × 102 kg-polymer mol-Ti−1·h−1 and 0.74 mol % of comonomer content, and the comonomer content increased with raising the comonomer concentration and reached ~3.20 mol % accompanied by the significant decrease of activity (15 kg-polymer mol-Ti−1·h−1) [22]. Li et al. reported that bis(β-enaminoketonato)titanium catalysts copolymerized ethylene with trialkylaluminum-protected 5-norbornene-2-methanol with an activity of 2,500 kg-polymer mol-Ti−1·h−1 and 5.3 mol % of comonomer content [23]. Tang, Sun and co-workers reported that titanium complexes bearing [ONX] tridentate ligands are highly active in the copolymerization of ethylene with various aluminum-protected polar comonomers with highest activity of 130,000 kg-polymer mol-Ti−1·h−1 and a comonomer content of 3.3 mol % [24,25].

On the other hand, the examples of copolymerization of aluminum-protected polar comonomer with propylene are much less than those with ethylene. Late transition metal catalysts are not suitable for the direct copolymerization of propylene, since control of the stereospecificity is generally difficult with these catalysts in propylene polymerization. Although Ziegler-Natta and metallocene catalysts can be applicable to functional group protection method, the activity of copolymerization with propylene is much lower than those with ethylene, especially at higher concentration of comonomer [9,26]. Seppala et al. succeeded in increasing the copolymerization activity by changing the proportion of methyl aluminoxane (MAO) in the mixture of MAO and triisobutylaluminum (TIBA) used as cocatalyst [27]. Hagihara et al. have achieved the synthesis of functionalized polypropylene with precise control of the arrangement of polar group from the inner of main chain to the chain end [28,29].

Much effort has been paid for the improvement of copolymerization activity and the control of the microstructure of functionalized polyolefins by adjusting the polymerization condition and the structure of catalyst and comonomer. However, there are no evidences for the effect of aluminum protected polar group on copolymerization behavior in detail. In this work, we investigated the copolymerization of propylene with TIBA protected ω-alkenols (5-hexen-1-ol and 10-undecen-1-ol) and non-polar analogues (1-hexene and 1-dodecene) using isospecific zirconocene [Me2Si(2-Me-4-Ph-Ind)2]ZrCl2 activated with modified MAO (MMAO) and 2,6-di-tert-butyl-4-methylphenol (BHT), respectively. Interestingly, the comparison results of copolymerization indicate that protecting group is not the main reason for the decrease of the copolymerization activity but can dramatically influence the comonomer reactivity.



2. Experimental Section


2.1. Materials

All operations were performed under nitrogen gas using standard Schlenk techniques and all solvents were purified by a solvent purification system. Research grade propylene was purified by passing it through dehydration column of ZHD-20 and deoxidation column of ZHD-20A. All comonomers (Chem Greatwall, Wuhan, China) were dried over calcium hydride and freshly distilled before use. TIBA-protected ω-alkenols were prepared according to literature [13]. Zirconocene ([Me2Si(2-Me-4-Ph-Ind)2]ZrCl2) was obtained from Boulder Scientific company (Longmont, CO, USA) and used without further purification.



2.2. Polymerization Procedure

At first, a 100 mL glass flask equipped with a magnetic stirrer was charged with certain amounts of toluene, MMAO, BHT and comonomer. After the solution was saturated by propylene under atmospheric pressure, polymerization was initiated by the addition of zirconocene/toluene solution. The copolymerization was terminated by the addition of acidic ethanol. The copolymers obtained were washed with ethanol and then dried under vacuum at 60 °C for 6 h.



2.3. Analytical Procedure

Molecular weights and molecular weight distributions of copolymers were measured by a polymer laboratory PL GPC-220 (Agilen, Santa Clara, CA, USA) at 150 °C using trichlorobenzene as a solvent and calibrated by polystyrene standards. The 1H and 13C NMR spectra of the copolymers were recorded a Bruker Ascend™ 400 spectrometer (Bruker, Karlsruhe, Germany) at 120 °C, and the sample solutions were prepared in 1,1,2,2-tetrachloroethane-d2d2 and the central peak of the solvent (74.47 ppM) was used as an internal reference. The melting temperatures of the copolymers were measured with a NETZSCH DSC-204F1 differential scanning calorimeter (Netzsch group, Selb, Germany) at a heating rate of 10 °C/min from 20–200 °C.




3. Results and Discussion


3.1. Copolymerization of Propylene with ω-Alkenols and Higher 1-Alkenes

Copolymerizations of propylene with ω-alkenols (TIBA-protected 5-Hexene-1-ol (AH) and TIBA-protected 10-Undecene-1-ol (AU)) and non-polar analogues (1-hexene and 1-dodecene) using a rac-[Me2Si(2-Me-4-Ph-Ind)2]ZrCl2-MMAO/BHT catalytic system were conducted in toluene at 25 °C under an atmospheric pressure of propylene by changing the comonomer feed ratio. We employed BHT as the modifying reagent of trialkylaluminum in MMAO reported by Busico [30]. The results are shown in Table 1. For comparison, homopolymerization of propylene was also conducted (entry 1).

Table 1. Copolymerizations of propylene with ω-alkenols and higher 1-alkenes using rac-[Me2Si(2-Me-4-Ph-Ind)2]ZrCl2-MMAO/BHT a.


	Entry
	Comonomer b Feed (mmol)
	Yield (g)
	Activity c (103)
	Mnd (104)
	Mw/Mnd
	Comonomer Content e (mol %)
	Comonomer Conversion f (%)
	Tmg (°C)





	1
	-
	0.70
	25
	19.5
	2.1
	-
	-
	160



	2
	AH (3.0)
	0.28
	10
	18.0
	2.2
	2.7
	4.9
	143



	3
	AH (4.0)
	0.23
	8.5
	16.4
	2.1
	3.5
	3.8
	136



	4
	AH (5.3)
	0.17
	6.5
	11.0
	2.3
	4.7
	2.8
	132



	5
	AH (6.3)
	0.14
	5.1
	8.5
	2.0
	5.7
	2.0
	131



	6
	AU (3.0)
	0.30
	11
	18.5
	2.2
	2.9
	6.5
	121



	7
	AU (4.0)
	0.26
	9.3
	18.2
	2.1
	3.8
	5.1
	117



	8
	AU (5.3)
	0.20
	7.2
	16.5
	2.3
	5.0
	3.7
	107



	9
	AU (6.3)
	0.16
	5.8
	9.7
	2.2
	6.1
	2.8
	98.6



	10
	H (3.0)
	0.28
	10
	10.2
	1.7
	7.2
	14
	95.9



	11
	H (4.0)
	0.25
	9.0
	9.1
	1.7
	8.7
	12
	80.5



	12
	H (5.3)
	0.22
	7.9
	6.5
	1.9
	11
	10
	76.0



	13
	H (6.3)
	0.17
	6.1
	5.4
	1.9
	13
	7.6
	- h



	14
	D (3.0)
	0.32
	12
	12.9
	1.7
	6.3
	13
	107



	15
	D (4.0)
	0.27
	9.7
	9.7
	1.8
	8.0
	10
	97.7



	16
	D (5.3)
	0.24
	8.6
	6.9
	1.9
	10
	8.6
	84.9



	17
	D (6.3)
	0.19
	6.8
	5.8
	1.8
	11
	6.2
	79.5





a Polymerization conditions: total volume 50 mL, temperature = 25 °C, Zr = 5 µmol, MMAO = 10 mmol, time = 20 s, propylene = 1.0 atm; b Comonomer: AH = TIBA-protected 5-Hexene-1-ol, AU = TIBA-protected 10-Undecene-1-ol, H = 1-hexene, D = dodecene; c Activity in kg-polymer mol-Zr−1·h−1; d Determined by GPC using polystyrene standard; e Determined by 1H NMR or 13C NMR; f Calculated from yield and comonomer content; g Determined by DSC; h Not detected.






To control the conversion of comonomer, the copolymerization time was made very short since the catalytic system had a very high activity at the Al/Zr ratio used, which prevents the precise evaluation of the comonomer reactivity ratios. Although all the copolymerization showed lower activity than homopolymerization, the activity of copolymerization with functional monomer was almost the same with that of copolymerization with non-functional monomer. The activity decreased with raising the comonomer concentration regardless of the comonomer used, however, it is interesting to note that the copolymerization activity with polar monomers still showed a high activity of 5100 kg-polymer mol-Zr−1·h−1 even at high comonomer concentration. These results imply that no deactivation occurred even in the presence of a large amount of aluminum protected polar monomers.

All the copolymerization systems gave high molecular weight copolymers with narrow molecular weight distribution (MWD: 1.7–2.4) and the Mn value of copolymers decreased with increasing the comonomer concentration in each copolymerization system.



3.2. Microstructure of Copolymers

The contents of functional and non-functional comonomers in the copolymers were determined with 1H NMR and 13C NMR (Figure 1) spectra, respectively. The content of the polar comonomer can be calculated from the integral ratio of –CH2OH methylene proton at 3.63 ppm in 1H NMR spectrum [27]. The typical 13C NMR spectrum of non-functional copolymer was shown in Figure 1B, and the content was calculated according to the published literature [31].

Figure 1. (A) Typical 1H NMR spectrum of functional copolymer (entry 5); (B) 13C NMR spectrum of non-functional copolymer (entry 10).
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The contents of copolymers are plotted against the comonomer concentration in Figure 2. The content increased with the increase of the comonomer concentration in each copolymer. The incorporations of copolymers varied as follows: 2.65–5.73 mol % for AH; 2.90–6.11 mol % for AU; 7.15–13.41 mol % for 1-hexene, and 6.30–11.67 mol % for 1-dodecene. Much lower comonomer content was observed in the functional copolymers compared with that of non-functional copolymers. AU comonomer which has longer methylene spacer showed higher incorporation than AH, whereas opposite tendency was observed in the copolymers with 1-alkenes. These results indicate that the aluminum protection significantly affected the incorporation of comonomer, and the comonomer reactivity not only depends on the lengths of methylene spacer but also depends on the heteroatom.

Figure 2. Plots of comonomer content against the comonomer concentration in feed.
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3.3. Comonomer Reactivity Ratios

Therefore, the comonomer reactivity ratios were determined by using Fineman-Ross method [32] for investigating the relative reactivity of each comonomer.

Fineman-Ross plots and the monomer reactivity ratios of rP and rcomonomer are shown in Figure 3. These rP values (>1) indicate a preference for the insertion of propylene regardless of the last inserted monomer unit in each copolymerization. The products of the reactivity ratios (rPrAH = 6.49, rPrAU = 2.42) testify a preference for the formation of homopropylene sequence in the functionalized copolymers, whereas the products of the reactivity ratios (rPrhexene = 0.77, rPrdodecene = 0.37) indicate a tendency of the formation of random copolymer. Much lower value of 1/rP obtained with ω-alkenols testify that the comonomer reactivity is strongly dependent on the aluminum protection probably due to steric hindrance of diisobutyl aluminum, since no deactivation occurred in the copolymerization with ω-alkenols. Higher relative reactivity of AU than AH also support this assumption. However, a little higher value of 1/rPrp was observed in the copolymerization with 1-hexene compared to the value obtained with 1-dodecene, which testify that relative activity of 1-alkene is not strongly dependent on the methylene spacer lengths of comonomer in this isospecific Zirconocene catalytic system.

Figure 3. Fineman-Ross plots for copolymerization with 5-hexene-01-ol (AH) (a); 10-undecene-01-ol (AU) (b); 1-hexene (c); and 1-dodecene (d).
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3.4. Thermal Properties of Copolymers

The Tm value of the copolymers obtained was then investigated by DSC and shown in Table 1. The Tm value decreased with the increase of the comonomer content in each copolymer, and is however dependent on the comonomer used.




4. Conclusions

rac-[Me2Si(2-Me-4-Ph-Ind)2]ZrCl2-MMAO/BHT system showed high activity for the copolymerization regardless of the comonomer used, which indicates that aluminum protection do not promote deactivation to affect the activity. The comonomer content of the copolymer obtained was controllable by changing comonomer feed ratio in each copolymerization. The content of polar monomer was however much lower than that of non-polar analogues. The evaluation of the monomer reactivity ratios indicates a preference for the insertion of propylene regardless of the last inserted monomer unit in growing polymer chain, and the comonomer reactivity decreased significantly by the use of aluminum-protected polar monomer.
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