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Abstract

:

The kinetics and terminations of ethylene polymerization, mediated by five bisarylimine pyridine (BIP) iron dichloride precatalysts, and activated by large amounts of methyl aluminoxane (MAO) was studied. Narrow distributed paraffins from initially formed aluminum polymeryls and broader distributed 1-polyolefins and (bimodal) mixtures, thereof, were obtained after acidic workup. The main pathway of olefin formation is beta-hydrogen transfer to ethylene. The rate of polymerization in the initial phase is inversely proportional to the co-catalyst concentration for all pre-catalysts; a first-order dependence was found on ethylene and catalyst concentrations. The inhibition by aluminum alkyls is released to some extent in a second phase, which arises after the original methyl groups are transformed into n-alkyl entities and the aluminum polymeryls partly precipitate in the toluene medium. The catalysis is interpretable in a mechanism, wherein, the relative rate of chain shuttling, beta-hydrogen transfer and insertion of ethylene are determining the outcome. Beta-hydrogen transfer enables catalyst mobility, which leads to a (degenerate) chain growth of already precipitated aluminum alkyls. Stronger Lewis acidic centers of the single site catalysts, and those with smaller ligands, are more prone to yield 1-olefins and to undergo a faster reversible alkyl exchange between aluminum and iron.
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1. Introduction


Plastics are an essential part of everyday life, in their preparation, and also in part, due to the diverse options of recycling profit from effective catalysts. This holds in particular true for polyolefins with a european annual output of 25 million tons. Polyethylene thereunder is the most important and worldwide most used plastic [1,2]. The overall property profiles of the various types of polyethylene make it indispensable for a manifold of short and long term applications. It is robust, electrically and thermal isolating, easy and cheap to process. Due to its high social, and thus, commercial relevance, even 60 years after the start of industrial PE-production, there are still efforts underway to optimize olefin polymerization [3]. These comprise the development and investigation of new catalysts in the context of morphology (powder) control, and the improvement of existing processes and technologies. The main targets are an extended control of the product and particle properties resulting in a reduction of the production costs and extension of the application profiles [4,5].



One extension of insights into the preparation of polyethylene of the last decades is on the action of late transition metal complexes as catalysts for the low-pressure ethylene-polymerization [4,6,7,8,9,10,11,12,13,14,15,16,17,18,19]. This class includes the iron (and cobalt) catalysts that were independently reported in the 1990s by Gibson [20,21] and Brookhart [22,23]. These typically consist of metal ions (e.g., iron) coordinated by a tridentate bisarylimine pyridine ligand (BIP ligand) [24,25,26]. The vast development can be taken from several recent reviews [27,28,29,30,31,32,33,34,35] and from very recent publications and patents [36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51].



Effective BIP iron complexes are easily prepared from commercially available chemicals and easily handled, giving some advantages over the early transition metal complexes. Iron is also environmentally more benign than, e.g., chromium or vanadium. The oxidation state of the iron in active catalysts is not without debate, but here, the majority found formulation as iron(II) is used [52,53,54]. A significant body of literature and patents exemplify the interest and usefulness of the approach [4,55,56,57,58,59,60]. More complex ligand structures of symmetrical and unsymmetrical tridentate BIP ligands were developed in the course of time [39,44,45,46,47,49,51,57,58,59,60,61,62,63,64,65,66].



These ligands often comprise bulky substituents (e.g., dibenzo cycloheptyl or benzhydryl groups) at the ortho-position of the aniline aryl part and/or are carbocycle fused at the pyridine backbone. Such iron based catalysts bearing steric extended ligands often provide high activities and are remarkably thermostable in ethylene polymerizations [39,44,46,47,49,51,60,61,62,63,64,65,66,67]. A further stabilization can be reached by immobilizing the pre-catalysts on solid supports [50,67,68,69].



Depending on the ligand structure, different polymerization activities and products are obtained [20,37,44,49,60,61,62]. Linear polyethylene of high density and crystallinity is predominantly obtained as product from simple catalysts [25,26]. Oligomers of ethylene can effectively be prepared, using BIP Ligands with smaller aryl substituents [9,23,70]. The field of application of BIP iron based systems could additionally be extended for polymerizations of other monomers than ethylene, such as (cyclic) esters, dienes, vinyl monomers, and CO2 [71,72].



Aluminum alkyls act as effective cocatalysts in the ethylene conversions, providing the anionic chain starter after a salt metathesis with the iron chloride entity [35,73,74]. They also convert the bisimine pyridine metal dichloro complexes into a for olefin polymerization active form. Typically, methyl aluminoxane (MAO), and modified derivatives (MMAO, MMAO-12) are used as the activating cocatalyst, but also other aluminum alkyls, like trimethyl, triethyl or triisobutyl aluminum (TMA, TEA and TIBA) are effective and act as cocatalyst and/or chain transfer agents [75,76,77]. In addition, a number of successful studies have been undertaken to transfer commercial accessible aluminum alkyls into alternative cocatalyst for the BIP type of iron catalysts [78,79]. A ligand-free, cationic species is expected when “theoretically pure” MAO is used as the cocatalyst [73,77,80,81,82,83]. The formation of bimetallic cationic structures by transfer of an AlMe2+ end group from MAO to the catalyst under formation of AlMe3 has also been proposed for forming the cationic iron complex [81,84,85]. The formation of the active catalyst is an equilibrium reaction with a dormant form, either with the coordination of an aluminate or with present excess of aluminum alkyls. The (re)coordination of the aluminum or aluminate alkyl will also result in a chain end transfer. The result is the formation of aluminum-terminated polymeryl chains as products (chain shuttling) [86,87,88].



The nature and formation of active sites is an important factor that influences the activity and the constitution of the products. The identity of the cocatalyst is important in that context [83,89,90]. Simple aluminum alkyls (TMA, TEA, TIBA) will interact more exothermic with the tentatively cationic catalyst center, resulting in the formation of hetero bimetallic species. The Lewis acid-base adducts were described several times [75,76,77,91,92,93,94]. Neutral heterobimetallic adducts may show an one electron reduction process with the ligand, leading to active or inactive catalysts [72,76,77,80,95].



The transformation of the bimetallic adducts into polymerization active catalyst can be detected in the presence of ethylene [80]. Some catalysts are not activated by TMA (or TEA), tentatively because of the quasi-irreversible formation of catalytically not active bimetallic Fe-Al species [90]. A complete deactivation by TMA with simultaneous formation of methane or extrusion of iron(0) has also been described in combination with the possibility of reactivation in the presence of MAO [96,97,98,99].



Chain termination in the ethylene polymerization, mediated by BIP catalysts of late transition metals, occurs by two major, parallel pathways. The common beta‑hydrogen elimination leads to polyolefins (Scheme 1) [6,100]. The beta-hydrogen elimination may yield a metal hydride (Scheme 1, middle), or in the case of a transfer to a monomer, an ethyl catalyst derivative is obtained (Scheme 1, bottom). A chain end transfer to the cocatalyst by a transmetallation gives access to (cocatalyst) metal polymeryls [20,23,101,102]. The preparation of aluminum polymeryls is successful when the chain transfer to aluminum is the dominant termination mechanism (catalytic “Aufbau Reaktion”) [88,103]. The aluminum polymeryls can subsequently be reacted with electrophilic agents, resulting in polar -end functionalized products. The aluminum polymeryl entities can, thus, be converted to aluminum alkoxides by oxidation with oxygen from air. Subsequent acidic work up yields hydroxyl-functionalized polyethylene [102,103,104,105].



We have developed an interest in the preparation of such terminal hydroxyl terminated polyethylenes for the preparation of blockcopolymers. These are compatible with polyethylene and can extend the property profile, e.g., by enhancing the surface energy. Attempts were, thus, undertaken to establish an easy to use procedure for their synthesis on a kg scale using BIP iron complexes. They yield highly active catalysts with cost effective commercial available aluminum alkyls or with the more expensive MAO [90,91,106].



A comprehensive kinetic study with five derivatives (Scheme 2) was carried out with the objective to prepare paraffinic products with molecular weights in the range below 10 kDa. The kinetic study was also interesting in gaining insight into the type and relative rates of termination reactions as function of conversion [20].



The outcome of ethylene polymerization with BIP iron catalysts will be influenced by several interdependent factors, like the ligand structure of the catalyst, the activation mechanism, the nature and concentration of the cocatalytic aluminum alkyls and the termination mechanism. The catalysts are chosen to get information separately on electronics, methyl and chloride substituents are about of the same size (complexes 1, 3, 4) and sterics (complexes 5, 3, 2). These catalysts are not unknown, in fact a larger body of literature on their catalytic action is available [4,20,21,22,23,107,108,109,110,111,112,113,114,115,116]. The actions of catalyst 3 activated by MMAO and TIBA, e.g., was reported to give bimodal polyethylenes [20,22,70,114,115,116]. A multisite activity of 1 was concluded on the basis of the time dependent product formation also using 14C labeling, and a deconvolution of the size exclusion chromatographic traces [107,114]. The catalyst 5 and MMAO systems, on the other hand, react with ethylene to yield 1-olefins with a Flory-Schulz distribution [23,78]. This is a typical result of the process involving irreversible growth and termination reactions.



The published data preclude a direct assessment of the action of the various catalytic systems to be conducted at comparable conditions, such as temperature, cocatalyst(s), concentrations, ethylene pressure and dosing, as well as reaction times span quite a range. The Al/Fe ratios, e.g., are found between 2000–5000 [4,20,23,47,60,79,82]. It is particularly important to note that the catalytic “Aufbau Reaktion” changes the aluminum (or zinc based) alkyl cocatalysts [90,117,118]. The observations of the catalytic action should encompass the (time dependent) system of catalyst and cocatalyst. This should also include the state of aggregation. Mostly toluene is used as a solvent, which is not particularly capable of keeping the product polymers (olefins and aluminum polymeryls) in solution (up to about 1500 Da) [90,117]. It must, thus, not be a surprise that a complex situation results that may appear confusing.



The present kinetic study is conducted on similar systems of catalysts and cocatalyst and under conditions of a moderate ethylene uptake. Long lasting and constant polymerization rates could be achieved. The amount/concentration of cocatalyst is varied in a broad range, partly with an Al/Fe ratio as high as 75,000. These conditions are favorable for a target of preparing aluminum polymeryls of tunable length. The moderate rate of ethylene polymerization enables the change in aluminum alkyls to be observed and to address the heterogeneity of the reaction medium. A simple mechanistic picture arises with a single site catalyst, and this action is readily interpretable in terms of rate and products within a set of three elementary reactions. The insights of the kinetic study were also useful in the context of safety issues, with the target of running the polymerization in 10 and 50 L equipment. In addition, the route to minimizing the unwanted β-hydrogen elimination as a termination step became clear for their appropriate reaction conditions and catalyst structure [6,78,102,103,104,105,119]. The target of low molecular weight products, at a low rate (for temperature control), was also a chance to study the insertion polymerization without larger diffusion limitations.




2. Results


2.1. Polymerization System


The ethylene polymerizations were carried out as solution polymerizations in absolute toluene in 1 L steel reactors at ethylene partial pressures of 1 to 3.5 bar. The catalyst system is built by the injection of the BIP iron dichloride pre-catalyst as toluene suspension into the reaction medium containing the co-catalyst and after saturation with ethylene. Most of the reactions were carried out as semi-batch processes at a constant ethylene pressures with a continuous flow of ethylene. The internal pressure, temperature and the resulting ethylene volume flow (in mL/min) was monitored and recorded. The isobaric reaction control during semi-batch polymerizations leads to a fairly constant monomer concentration in the reaction medium. The reactions were carried out at 5–15 °C with µmol concentrations of the catalysts. The rate of the polymerization can then be hold a range that allows the temperature to be kept constant. The heat of reaction is removed by cooling of the reactor wall. The ethylene volume flow provides information on the current and average rate of the chain growth reaction, as long as ethylene diffusion is not rate limiting (which was the case). The ethylene concentration is proportional to the partial pressure of the ethylene, and Henry’s law is valid in the range of pressure used (Supplementary Material). Monomer consumption is found dependent on the applied ethylene partial pressure concomitant with the concentration in solution. The decay of pressure after closing the feeding line, which turns to a batch system, was also used to monitor the consumption. The preceding period of semi-batch operation ensured an almost complete activation of the pre-catalyst (vide infra).



Not all of the pre-catalysts immediately become active catalysts or become active all the time. Activation takes some time and includes dissolution under alkylation of the sparingly soluble pre-catalysts. Deactivation comprises reversible reactions to dormant species and decomposition normally occurs (which was always minor in these set of experiments) [77,80,96,97,98,99,120]. Therefore, the measured values for the activity are the product of the insertion rate in the active catalyst(s) and its concentration. The true activity of a catalyst, in the sense of propagation rate, is hard to assess and structure-activity relationships need to be interpreted with appropriate care (Section 3).



A preliminary set of experiments with several cocatalysts could provide one further insight [121,122]. The pre-catalysts 1–5 can be activated for ethylene polymerization by various aluminum alkyls, which also act as chain transfer agents (CTAs) [74,82,83,123,124]. The average activities over the first 30 minutes is dependent on the cocatalyst concentration. Increasing the cocatalyst concentration will eventually lead to less active systems. Catalysts generated from 2 and 3 showed high activities with trimethyl aluminum (TMA) or triethyl aluminum (TEA) as activator. In contrast, catalyst 1 with dichloro substituted aniline ligands could not sufficiently be activated by those (Figure 1; in the following, no distinction will be made in the notation of the precatalyst and the derived active catalyst). The more electron deficient complex 1 seems to coordinate aluminum compounds to a larger extent. The formation of a free coordination site for ethylene does not seem to occur. Methyl aluminoxane (MAO) and triisobutyl aluminum (TIBA) activate all pre-catalysts for ethylene polymerization with sufficient activity, MAO giving the highest level (Figure 1). The coordinating power of the aluminum compounds is important for the (initial) activity.




2.2. Kinetics


A kinetic study was performed using commercially available MAO solutions from one batch with an assumed constant concentration of MAO and TMA. MAO contained residues of TMA from which it is prepared [125]. MAO builts an active system with all pre-catalysts. It also gave the most long-lasting activity, perhaps indicating that a reactivation of an irreversible deactivated alkyl catalyst species can occur. Polymerization of ethylene in toluene solutions, with high MAO concentrations, proceeded for several hours. The course of the polymerization activity was characterized by an initial period of increasing rate as the catalyst became active. The increase in rate appeared to proceed along an intermediate stage (Figure 2a, Figures S3–S6) before the maximum was reached. The slope of the initial reaction rate increase was steeper when less MAO was used. A pre-equilibrium of inactive bimetallic species and active catalyst would explain the observed behavior. Also, the time span between the second and first stage depended on the MAO concentration, i.e., the more MAO is present, the longer the period and the flatter the slope after reaching the first turning point. This is the consequence of the transformation of its methyl groups to longer alkyls, and it took longer the more MAO was present (vide infra). Higher alkyls coordinate less strongly (c.f. TIBA), and thus, the activity increased if the initially present MAO was increasingly transformed into alkyl aluminoxane (AOA) and the TMA to higher aluminum alkyls [90]. This behavior was observed for all catalysts, and is thus, interpreted as a cocatalyst effect.



This initial period was followed by a second period of almost constant activity (maximum activity) and subsequently by a decay in two steps. The latter is only substantial in the time span of observation at lower aluminum concentrations (Figure 2a). The period of maximum activity was sustained mostly over the residual period of experiments at higher MAO concentrations, i.e., except for a smaller decline that varied to some degree in the experiments. The ethylene massflow of an experiment with catalyst 3 with 17 mmol/L MAO, e.g., showed an earlier decrease in the maximum reaction rate. Such variations were also observed in other experiments (Figures S3–S6). These observations were interpreted as fluctuations of a sensitive reaction system. Local temperature fluctuations, diffusion barriers or the presence of small amounts of contamination can lead to the early decline of maximum rates. The maximum rates within a series of experiments is very reproducible and consistent (Table S1).The reaction mixtures become turbid in due course on account of the limited solubility of longer alkyl moieties in toluene. This will limit the mobility of the chains, the chain ends however will still be accessible to the catalyst (Section 3). This smaller decline is followed in experiments with the lowest MAO concentrations by a much faster loss of ethylene consumption. The origin of latter observation was not addressable, the usual explanation of appearing diffusion barriers or failing reactivation of inaccessible precipitated catalyst containing polymers may apply (Section 3) [126].



A full set of experiments was carried out with the objective to establish the rate law of propagation rp (Equation (1)), defining that the variables are the monomer concentration [M], the precatalyst concentration    [  Fe  ]    and the aluminum alkyl concentration    [  Al  ]    and a    k  o b s    , the observed rate constant (Equation (1); concentrations in mol/L). The rate at the first maximum/turning point in activity is inversely proportional to the MAO concentration (Figure 2a and Figure 3a, Figures S3–S6). It most closely represents the concentration of the starting materials with known concentrations and species. The way of determination and the character of the inflection point is subjected to some scattering, leading to reactions orders close to minus one, i.e., in a range between −0.8 and −1.1 (Figure 3a; Table S1). The formation of a dormant catalyst by the coordination of changing aluminum alkyls is consistent with this observation (Supplementary Material). Observed lower rates at higher aluminum concentration can, thus, be understood [45,90].



The nearly constant maximum rate of ethylene uptake after activation is less dependent on the initial MAO concentration. The average activity became independent from the concentration of aluminum alkyls at higher concentrations (Figure 2b). The origin of this behavior may lie in the character of the transformed MAO solution itself, containing Lewis acid and basic moieties that form equilibria too, and the precipitation of aluminum polymeryls. As a consequence, the concentration and the equilibrium constants for forming dormant species are no longer defined nor uniform:


   r  p , i   = −   d  [ M ]    dt   =  k  o b s    [  M  ] a   [  Fe  ] b    [ Al ]  c  =  k  o b s      [ M ]    [ Fe ]  0     [  Al  ]      [ mol / L   s ] .  



(1)







It is further found that ethylene consumption by all of the catalyst systems has a first order dependence in the concentrations of ethylene and the pre-catalyst [114]. The rate of the chain propagation as function of the iron concentration was convincingly obtained from semi-batch experiments applying the method of flooding at higher MAO concentrations (Supplementary Material). The aluminum concentrations and the n-alkyl derivatives appeared to stay fairly constant in semi-batch reactions at maximum rate. The measured reaction rates were averaged over 10 min respectively after reaching the maximum rate, in order to obtain as precise data as possible regarding the kinetics of chain propagation (Figure S2). The maximum reaction rate equals the constant ethylene consumption. A double logarithmic plot of these rates and the iron concentration gives the reaction order as slope (Figure 3b). The slope has a gradient of one for all catalysts.



The reaction order with respect to ethylene was obtained in the pseudo-batch operation, interrupting the feed of ethylene and monitoring the decay of pressure in a small interval of time and pressure at the maximum ethylene take-up (Figure 3c). The decay follows a natural exponential function, a linear dependence of the   L n  ( p )    from the time is confirmed. The rate of pressure of ethylene was normalized to an iron concentration of 1 mol/L in order to make the catalysts quantitatively comparable (Figure 3c, Figures S4–S6; Table 2). It essentially gives the same data as in the experiments leading to Figure 3b, but with a higher accuracy with respect to the intercept at the y-axis. The data from semi-batch ethylene uptake and the batch pressure decline, thus, giving a consistent set. A rate constant   k ’ ( =  k  o b s    [  Al  ] t  − 1    )    can be extracted to rank the order of catalyst activities (Table 2, Figure S1). The values of k’ decreases in the order k’(2) > k’(5) > k’(3) > k’(1) > k’(4).




2.3. Calalytic Action and Product Properties


Activities are only one aspect in the context of the targeted aluminum polymeryls. The catalysts are highly active and productive, and would allow the product yield to be enhanced through prolonged times or higher concentrations. The products of the catalysis are at least of equal importance. The products obtained are highly linear with no branches detected in NMR spectra. 1-Olefins and aluminum polymeryls are obtained as a result of beta-hydrogen elimination in iron alkyls respectively of an alkyl group exchange between aluminum and iron (chain shuttling). The efficiency of starting a chain by a methyl group in MAO is variable, mostly below 20%. This may reflect the readily available alkyl entities in MAO related to aluminum trialkyls. The aluminum polymeryls will react during the quenching of the reaction mixture with ethanol/HCl/water mixture with protons and/or oxygen (Figure 4). The hydrolysis gives linear paraffins. Oxidation by air oxygen during the workup may also partly in the presence of protons yield aluminum alkoxides, giving terminal hydroxy functionalized PE after hydrolysis [102]. However, these products were essentially absent in the product mixture. The catalyst alkyl concentration itself is too low to contribute to the ensemble of products.



The molecular masses are as planned in the lower range. The masses were obtained from endgroup analyses in the proton NMR spectra and by SEC (Table 3). The values are mostly close to each other, however, both methods have a limited accuracy and differences occur. These originate from the inherent errors in determining the integral values of small signals of sparingly soluble compounds in NMR spectra. In addition, the linearity of the log M–elution volume dependency, especially at low molecular weights, peak selection and the validity of the Kuhn-Mark-Houwink-Sakurada equation for obtaining absolute masses in SEC determinations gives some spread.



The distribution of the molecular mass of the mixture of paraffines and olefins may be monomodal (with a shoulder) or bimodal and may span quite a range of polydispersities (Figure 4; Table 3), in accordance to expectations [8,10,20,107,116]. Catalyst 1 and 4 give narrow dispersed products. Their distributions can have a polydispersity clearly below two, reminiscent of a Poisson process (Table 3) [90]. The product distribution of these catalysts is generally found in a range below 4. Importantly, the absence of a tail of higher molecular products, typical of Flory-Schulz distributions, which is observed in products prepared by catalysts 2 and 3.



The reproducibility with respect to the polydispersity index of the distribution of the products prepared with catalysts 1 and 4 is only within this range of 4, the shape is however always similar. The polydispersity index PDIs given correspond to individual experiments, not enough experiments were run for a statistical evaluation. The outcome of the experiments seems to be somewhat dependent on stirring and mixing of the heterogeneous mixture of toluene-swollen reaction mixture. A certain spread of results, e.g., also on account of precipitations of randomly formed higher molecular mass polyethylene with active catalyst encapsulated and slow exchange of aluminum alkyls with the bulk must be accepted (c.f. Section 3).



Catalysts 2 and 3 give very broad distributions with PDIs over 30 as usual, apparently having a more diverse set of termination and/or propagation reaction rates [20,21,108,111]. Catalyst 5 give very low amounts of low molecular weight products, which were not analyzed by SEC. The main products are soluble 1-olefins [23,78].



A simple monomodal distribution is obtained when catalyst 1 is used for the ethylene polymerization (Table 3) [4,107,113]. This system seems to be the most uniform in its catalytic action of the series 1–5. The molecular weights are well-below 10 kDa under the conditions chosen. This lower range possibly underlies the more simple behavior in terms of distributions and olefin content. The molecular weight decreases globally with the aluminum alkyl concentration, i.e., with the amount of chain starter. The different yields of product in the experiments makes it hard to find direct correlations. This originates from the dissimilar activities of the catalyst-cocatalyst system that are also strongly determined by the amount of MAO in the lower range of concentrations used (Equation (1); Section 3).



The product with the highest olefin content of 80% is found in experiments with catalyst 1 at 3 mmol/L of MAO. Catalyst 1, in contrast, gives a product mixture with about 30% olefins in combination with cocatalyst MAO at the highest concentration used of 45 mmol/L. The molecular weights of the products obtained under the latter conditions increase linearly with the ethylene pressure, in accordance to the established rate law (Figure 5b). The olefin content increases also linearly with the ethylene pressure. Several termination processes are obviously simultaneously operative.



Complex 4 with a methyl and a chloride substituent on the N-aryl of the ligand system has a catalytic action similar to (dichloro) catalyst 1, involving the relationship between molecular weight and the co-catalyst concentration. The result of the polymerization again is majorly determined by the co-catalyst concentration, which provides anionic chain starters. The inhibition by MAO leads to disappointing low yields at concentrations higher than 20 mmol/L. The shape and the polydispersity of the distribution are similar (somewhat broader) to that of 1, with the formation of a small amount of a separated second distribution only at higher MAO concentrations. The olefin content under comparable conditions and at comparable yields is much lower than for 1. The rate of beta-hydrogen elimination seems lower in 4 than in 1. Somewhat longer chains form at low concentrations of MAO, as fewer chains are formed.



The more electron rich dialkyl catalysts 2 and 3 polymerize ethylene to much broader dispersed product mixtures [20,21,108,111]. Most of the mixtures consist of two overlapping distributions. The molecules at a higher mass particularly contribute to the width of the distribution. The olefin contents tend to be in the same order and below the values obtained with catalyst 4 at similar conditions and yields, indicating an even lower rate of beta-hydrogen elimination. The distributions of the products obtained at low MAO concentrations are dominated by one broad unsymmetrical distribution at much higher mass than of products from 1 and 4. A higher aluminum content increasingly leads to bimodal molecular weight distributions (MWDs) with the additional distribution appearing (as narrow shoulder) at lower molecular weight.



Catalyst 5 in combination with MAO is also a highly active ethylene oligomerization catalyst for the preparation of α-olefins, but is not suitable for the synthesis of polyethylene with higher molecular weight [23]. Therefore, products with the lowest molecular weights and highest olefin contents were received with the methyl aryl catalyst, where β-hydrogen elimination is the main termination reaction. The proportion of solid products is less than 15 wt% of the ethylene that was consumed during the reaction. Most of these products are liquid olefins with a maximum number of 12 carbon atoms. The solid proportion does not exceed a molecular weight of 1000 g/mol (Figure 6). The concentration of MAO does not have an impact on the molecular weight, and not on the olefin content.





3. Discussion


3.1. Propagation Catalysis


The ethylene polymerization, mediated by a set of similar catalyst, was kinetically analyzed with the objective to prepare aluminum polymeryls. Although the target was not immediately reached, a comprehensive mechanism for the simple BIP iron MAO catalyst systems can be deduced. This leads, partly in contrast with other interpretations, to the view of a uniform, single site catalyst system [82,108]. The system comprises a reactive co-catalyst, changing in type and concentration, and a reaction medium with a change of phases (homogenous, heterogeneous with swollen polymer/polymeryls). The line of argumentation will follow the data, obtained in this study, in the same equipment and under similar conditions, and place the current insights into a further perspective.



A common rate law was found, indicating that the catalytic action is based on the same elementary steps. The linear dependence of the rate on the concentration of ethylene and the pre-catalyst points to the rate determining collision between these compounds or its derivatives, and against the existence of a stable iron olefin complex [20,127]. The full amount of pre-catalyst apparently is -as expected- alkylated by MAO to yield the catalytic system. It is conceivable that methylation, and maybe also activation of the pre-catalyst, are achieved by TMA with MAO acting as a soluble carrier [77,97,98,107,128]. Commercial MAO contains, or can form, a variable amount of TMA. There are indications that several aluminum alkyl species coexist in toluene solutions of MAO [7,75,76,77,80]. These are mobile and thought to be the most relevant in the chain shuttling and for the formation of dormant catalyst. It also explains the observation that not (by far) all of the alkyl entities in MAO initiate a chain.



The (initially) inverse first order dependence of the polymerization rate on the concentration of aluminum alkyls is expected for a pre-equilibrium, which generate the active iron catalyst from a dormant bimetallic iron-aluminum species (Scheme 3) [75]. The derived rate law for a sequence of a pre-equilibrium of a predominantly dormant iron-aluminum alkyl complex (Fe~Al) with a free aluminum alkyl (Al), and the active catalyst (Fe*) with equilibrium constant   K  (  = [   Fe  *   ]   [  Al  ]  /  [  Fe ~ Al  ]  )  , and a rate determining insertion of free ethylene with rate constant    k p    is coincident with Equation (1) (Supplementary Material). The observed rate constant    k  o b s     of Equation (1) then equals    k p  K   (Supplementary Material). The dependence of    k  o b s     on the ligand structure, thus, contains contributions related to the equilibrium constant  K  and the rate of propagation    k p    [83,129].



The impact of Lewis acidity on  K  and    k p    may be expected to work in opposite directions with respect to rate of ethylene polymerization. A higher Lewis acidity will lower  K , the bimetallic complex of BIP iron alkyls and aluminum alkyls will become more stable. The concentration of the active catalyst decreases. A higher Lewis acidity of the catalyst center would at the same time yield a more active catalyst with a larger    k p   . The necessary polarization by coordination of ethylene to enable nucleophilic attack of an anionic alkyl entity would be reached earlier on the reaction coordinate, and proceed with less activation energy. It must not be surprising that the expected order of increasing Lewis acidity of 3 -> 4 -> 1 is not reflected in the order of polymerization rate 4 -> 1 -> 3 (Table 2). The higher Lewis acidity of 1 is also reflected in the fact that simple aluminum alkyls (TMA, TEA) will not activate the complex for ethylene polymerization. The complexes 1, 3 and 4 are sterically very alike.



Some reports show that catalysts with electron withdrawing and less bulky aryl substituents have a higher activity [4,20,44,61]. However, the reported experiments were conducted at much lower aluminum concentrations (Al/Fe ratio around 2000). The impact of a low constant  K , also by a fast change of the co-catalyst identity, then is less strong than at the high MAO concentrations used in this study. The average activity at lower MAO concentrations between 10 and 20 mmol/L show the expected order in activity 3 < 4 ≤ 1 (Table 3). These time average activities should be interpreted with the appropriate reserve, i.e., with knowledge of the time dependence. The influence of sterics on the catalytic action should be considered too in the context of the two factors in comparison of complex 5, 3 and 2. A numerical separation of  K  and    k p    should be the subject of further studies for understanding the catalytic action, but is experimentally not so easily accessible. The establishment of a general rate law nevertheless gives valuable information on the elementary reaction and coexisting species.



The enhancement of the polymerization rate after the first phase can be explained by the transformation of the methyl entities in MAO (and/or the contained TMA) to polymeryl moieties. The coordination ability of larger alkyl groups to BIP iron will be lower, leading to larger values for  K  (more active catalyst). The inhibition of the catalyst by coordination of the aluminum alkyls will be released. Eventually, the aluminum polymeryls reach the solubility limit in the reaction medium on account of their molecular mass. This is at or below 1700 Da in mass (vide infra) [90]. Concomitantly, the observed dependence of the reaction rate on the MAO concentration seems to decline. The more MAO is present, the more ethylene for the transformation into “alkyl aluminoxane” is necessary to observe the effect. Therefore, the time span between the first and second activation process increases with the MAO concentration.



The precipitation of the aluminum (and iron) polymeryls does not necessarily lead to a termination of chain growth as the chain ends may still be accessible in the swollen state [79]. The direct chain shuttling between iron and aluminum polymeryls will have become an unlikely process in the second phase [45,82]. The mixing time may become a factor as more polymers are formed with the admission of ethylene. The resulting inhomogeneity leads to a distribution of molecular masses and also to the smaller decline of the rate.




3.2. Termination Pathways


The beta-hydrogen elimination and chain shuttling to aluminum are both important termination steps in the catalysts action. A simple correlation between the reaction conditions and olefinic content cannot generally be expected, i.e., next to the spread in the results arising from the heterogeneous character of the system. The number of paraffinic chains is limited by the number of alkyl groups (and potentially by the coordination ability) of the initially provided aluminum methyl groups (in the contained TMA). Note that some smaller paraffins will be lost in the work-up (determined by the volatility and the solubility in the mixture of toluene and ethanol). The number of polyolefins is only determined by the rate of beta-hydrogen elimination and the consecutive new chain growth. The amount increases with ethylene conversion, i.e., with reaction time respectively with activity. This was also observed in former studies, longer reaction times giving more olefinic chains [20,45,130]. The olefin content of aluminum polymeryls could effectively be reduced by decreasing the reaction time and ethylene concentration [91,130].



The bimodal or broad molecular weight distribution of the products received with catalysts 2 and 3 are typical [7,20,54,80,82,131]. The common interpretation is by considering two phases of polymerization. A first stage of irreversible fast chain transfer process leads to the low molecular mass paraffinic products. The second stage is governed by β-H elimination/transfer leading to the higher mass fraction of olefins [45,107]. However, this description remains shy of accounting for the formation of the narrow distributed MWDs of the products of 1 and 4. In addition, the differences in molecular mass and concentrations of the low molecular mass fraction obtained by the action of catalysts 2 and 3 need a further assessment.



The initial action of catalyst 1 in dependence of the reaction conditions is mostly in agreement with a degenerate living polymerization process involving aluminum-iron alkyl exchange and irreversible beta-hydrogen elimination. The olefin content increases linearly with the ethylene pressure (Figure 5b). The termination along a beta-hydrogen transfer to ethylene is the most simple explanation for this behavior (Scheme 3, bottom process) [20]. This reaction route was also concluded in the study of ethylene oligomerization with BIP iron catalyst bearing one aryl substituent, iron hydrides not being an intermediate [23]. The rate of insertion and of beta-hydrogen transfer are then both linearly dependent on the ethylene concentration, and symmetrically increase with its pressure. It would lead to a Flory-Schulz distribution of polyolefins when this was the only (dominant) process involved. However, this is not the case, the catalyst gives a more narrow distributed mixture of paraffins and olefins of about the same molecular weights (Table 3). The typical shape of a Flory-Schulz distribution with in particular also larger molecular weight components is not found, rather a broadened Poisson-type of distribution results. A reversible exchange of alkyl chains between iron and aluminum centers at a faster (or comparable) time scale than (to) the ethylene insertion can account for this observation. The degenerate exchange with the excess of aluminum alkyls assures that beta-hydrogen transfer on average takes place in an iron complex with an average grown polymeryl entity. The degenerate exchange is also a natural consequence in a system forming dormant species by coordination of aluminum alkyls.



A degenerate chain transfer was reported before in the presence of diethyl zinc but not for aluminum alkyls as chain transfer agents [48,67,90]. The degenerate transfer is operative in a regime, where the zinc alkyls are of lower molecular weight (<2*800 Da). They remain soluble in toluene [90]. The change to a heterogeneous system with precipitated metal alkyls gives a different situation. In contrast, catalyst 1 apparently can still interact with the precipitated aluminum alkyls. Catalyst 1 is also much more active in the chain shuttling as the bisisopropyl aniline based analog, reaching the level of ethylene insertion [90].



The dependence of the molecular weight and the olefin content of the products obtained by the action of catalyst 1 in combination with MAO indicates that basically no olefins are formed in the initial phase. The linear correlation between the olefin content and the Mn leads an offset from the origin of about 1700 Da. About 60 insertions take place before olefins are formed to a substantial extent. Initially, this seems puzzling, as the rate law indicates that aluminum is not coordinated with the active catalyst during olefin insertion, and thus, the rate of a beta-hydrogen transfer cannot be a function of the aluminum concentration. An unchanged ratio between olefin content and molecular weight is expected as both reactions would have a first order dependence on the ethylene concentration.



Steric arguments may be put forward for an understanding. The transition state for beta-hydrogen transfer to ethylene involves a six membered ring with a rather larger demand of space [108]. The interaction of the aryl chloride moieties with aluminum in smaller/soluble aluminum alkyls may temporary enhance the bulk of the axial part of the ligand. Larger aluminum alkyls will start to precipitate at the mass of about 1700 Da and the interaction with the ligand chloride will become of less importance, changing the action of the catalyst [117]. The precipitated aluminums polymeryl are still accessible to the catalyst, the molecular mass uniformly increases (Figure 5b).



Increasing the steric pressure near the catalytic center reduces the probability of a chain termination by the beta-hydrogen transfer and visa versa. This is in particular notable in the action of the sterically most open catalyst 5 (with only one methyl substituent on the aryl part) [23]. The identity of the product mixture is not dependent on the aluminum concentration and very little on the ethylene pressure. Many new chains are initiated and the “Aufbau reaction” with shuttling between aluminum alkyls have little importance. The increased steric extension of the axial ligands of catalyst 3 (Me2) and 2 (Et2) on the other hand results in a lower rate of beta-hydrogen transfer, resulting in higher molecular mass products and less olefin formation in the order 5-3-2. The products from catalyst 3 and 2 tend to have a Flory-Schulz type of distribution, which is complemented with a further distribution in the low molecular weight region. The latter becomes more important at higher MAO concentrations. The products of this additional distribution obviously results from the transfer reactions with aluminum alkyls, and are all in accordance with reported studies [20,45,107].



These chain shuttling alkyl transfer reactions apparently have a higher rate for catalyst 3 than for 2. The relative quantity of the low molecular weight distribution is smaller in the polymerization at the sterically most congested active site of catalyst 2. An explanation involving a direct transfer between formed long chain iron and long chain aluminum alkyls must be challenged (Mn over 5000 Da). The coordination strength of higher alkyl aluminum species is appreciable reduced (rate law in Equation (1)), and most likely the iron and aluminum polymeryls are in a separate phase. The reaction mixture appears turbid soon after the addition of the catalysts, supporting this description.



It was already concluded for catalyst 1 that coordination of the catalyst to the alkyl chain ends of the precipitated aluminum polymeryls is still possible. This can occur when the catalyst is liberated from its growing polymer chain. The remaining termination process to enable this in the swollen precipitated complex is the beta-hydrogen transfer. The formation of longer alkyls on the iron metal is then accompanied by the formation of long chain polyolefins. Formerly aluminum terminated polymers with longer chains are then lost in the process for preparing aluminum polymeryls. Prolonged ethylene polymerization under such a regime will lead to longer chain olefins (as is observed). In case of a more dominant beta-hydrogen transfer as in the second phase of catalyst 1 (with increased beta-hydrogen transfer activity), the grown polymeryls are more and more lost in the form of 1-olefins. The chain growth of the intermediate products is then at the cost of loss of long chain aluminum polymeryls.



Indeed the intensity of the low molecular weight fraction in the products from 3 and 2 goes along with the respective rates of beta-hydrogen transfer. A beta-hydrogen transfer will primary result in the formation of a toluene soluble, mobile cationic iron ethyl derivative (Scheme 4). This compound and its derivatives after the insertion of some ethylene (<~50 units) could react with swollen aluminum alkyls to give a (mobile) aluminum alkyl and an iron coordinated, reactivated chain end. As long as small alkyl groups and accessible chain ends are present, a shuttling of the catalyst along the immobile aluminum polymeryls is then feasible. The concentration of small alkyl groups will determine the amount of active catalysts bound to a swollen precipitated polymeryl entity, and hence, the final mass of the aluminum polymeryls.



The amount of ethylene that is added to the reactor will end up by insertion in the steady state concentrations of the diverse iron alkyls in the reactor. The type of iron alkyls in the catalytic experiments are the time dependent result of all the reactions taken place. The relative rates of alkyl transfer (chain shuttling) with involvement of small alkyls, olefin insertion and beta-hydrogen transfer are most relevant. These will be largely uncoupled in the initial phase i.e., before the precipitation of aluminum polymeryls. The rate of beta-hydrogen transfer relative to insertion becomes important after this phase (in the heterogeneous system that arises), resulting in a coupling of the processes. The product distributions can thus readily be explained under the presumption that small, mobile alkyl group exchange is competitive to the ethylene related reactions. This seems generally to be the case, for catalyst 5 with a dominant beta-hydrogen transfer termination.



The steady state concentration of small aluminum alkyls capable of catalyzing the chain shuttling will be governed by the difference in rates of ethylene insertion, eventually removing the mobile alkyl entity by chain growth, and the beta-hydrogen transfer restoring its presence (Scheme 4). A low rate of beta-hydrogen transfer relative to ethylene insertion will lead to fewer and longer olefinic chains next to smaller aluminum polymeryls (catalyst 2). A smaller difference (catalyst 3) will give more and shorter olefinic chains and longer aluminum polymeryls. The concentration of MAO effectively will set the average molecular weight of the polymeryls after completing the ethylene addition (Figure 6).



An even higher relative rate of beta-hydrogen transfer will prevent the formation of a separate olefinic fraction (catalyst 1, second phase). The yield of aluminum polymeryls will decrease with the mass of the alkyl, and small olefins will increasingly make up the product. These byproducts result from beta-hydrogen transfer in the newly formed alkyls. The action of catalyst 4 gives evidence for the formation of such a second product distribution at high MAO concentration.



The synthesis of hydroxy-functionalized polyethylene (PEOH) using BIP catalysts was not part of this study, but has been investigated previously [91,102,130]. It has been shown that aluminum polymeryls can be effectively converted into PE-OH [102]. Low to medium molecular weights (1000–6000 g/mol), monomodal distributions and low olefin contents (<20 mol%) are targeted for this purpose. This ensures that the chain ends are accessible for the subsequent oxidation to the aluminum alkoxides. The oxidation with a mixture of dinitrogen dioxygen of 92:8 can be performed in the polymerization reactor after removal of the residual ethylene. The oxidation is not quantitative, and is also more easily achieved for lower molecular weight polymeryls. The formation of products with bimodal MWD is best avoided since the oxidation would preferentially take place on the low molecular weight fraction, and would thus, yield a distribution of products. With the exception of compound 5, which leads exclusively to short-chain α-olefins, all the investigated catalysts (1–4) produce aluminum polymeryls in various proportions and enable the preparation of PE-OH. Catalyst 4 leads to lower olefin fractions, allowing to access higher molecular mass aluminum polymeryls.





4. Materials and Methods


All manipulations of air- and/or moisture-sensitive compounds were carried out under a dry argon atmosphere using standard Schlenk techniques. All aluminum alkyls were used as received and stored at 8 °C. Triethyl aluminum (TEA) was purchased as a 25 wt% solution in toluene from Sigma-Aldrich (Darmstadt, Germany). TMA and TIBA were purchased from Sigma-Aldrich (Darmstadt, Germany) as 2 M solution in toluene. MAO was purchased from Crompton GmbH (Bergkamen, Germany) as 10 wt% solution (ca. 5.25 wt% Al, 1.65 wt% Al as TMA (31 wt% of entire Al),    ρ  20      = 0.884 g/mL, 1.72 mol/L Al) in toluene, aliquots were regularly taken from the 30 L stock. These aliquots were used as intermediate stocks for a maximum of 2 weeks to ensure a constant quality. Nitrogen (purity > 99.996%) was purchased from Praxair Deutschland GmbH (Düsseldorf, Germany) and used as delivered. Toluene was supplied by Merck (Darmstadt, Germany) and purified by distillation and passing through columns filled with molecular sieve (4 Å) and catalyst R3-11/G purchased from BASF (Ludwigshafen am Rhein, Germany). Ethylene was supplied by Westfalen AG (Münster, Germany) and purified by passing through columns filled with molecular sieve (4 Å) and BASF catalyst R3-11/G. Preparation of the pre-catalysts 1–5 was based on reported syntheses [4,20,52,125]. The synthesis is straightforward from the ligand and iron(II) dichloride. The synthesis of the ligands is from diacetyl pyridine and the corresponding aniline derivate. The starting materials and solvents were supplied from Sigma Aldrich (Darmstadt, Germany), Alfa Aesar (Heysham, Lanashire, UK), Acros Organics (Fair Lawn, NJ, USA), abcr (Karlsruhe, Germany) and VWR International GmbH (Darmstadt, Germany). The pre-catalysts were suspended in dry toluene and stored at 8 °C.



The catalysts are used as suspension in toluene in very small concentrations. The catalyst suspensions were stirred while the desired amount of catalyst for the respective experiment was measured with a syringe. Injection of the catalyst suspension can be subject of experimental errors since catalyst particles can stick on the reactor wall or remain in the syringe after injection.



The determination of the constants k’ are based on a multiple determinations. The other reported results are mostly based on single experiments for a single condition. A general reproducibility can still be confirmed from a random sample survey and the results of former studies that are not reported in this paper. A spread of results is obtained, the system reacts very in a sensitive manner to little variations in the set up and course.



4.1. Standard Procedure for Semi Batch and Batch Polymerizations


All polymerizations were carried out in 1 L stainless steel reactors equipped with an anchor mixer (BEP 280 Büchiglas (Büchi AG, Uster, Swizerland)) that were previously heated at 600 °C with a hot air gun and dried under a dynamic vacuum for at least one hour. The reactor was cooled to the desired reaction temperature and filled with 300 mL of toluene, followed by nitrogen up to 50 mbar above local atmospheric pressure. The target amount of cocatalyst-solution was added, using standard Schlenk techniques. The solution was saturated with ethylene to the intended pressure. The reaction was started by injecting the desired amount of the BIP iron(II) dichloride pre-catalyst as suspension in toluene into the reactor. The consumed ethylene was calculated from the formal uptake of the volume and normalized to 1 bar, i.e., the measured volume was divided by the time dependent pressure of uptake. The reaction was quenched upon reaching atmospheric pressure or steady vessel pressure. In semi-batch reactions, the excess ethylene was discharged, and the reaction was quenched after a certain reaction time. Quenching was performed by adding small aliquots (5–20 mL) of ethanol. To complete the quenching, the reaction mixture was stirred for an additional hour with 200 mL of a quenching solution (2M hydrochloric acid in water and ethanol) The precipitated product was filtered, washed with ethanol and dried in vacuo at 40 °C before characterization.




4.2. Characterization


NMR Data was obtained using a AVANCEIII HD 600 MHz spectrometer from Bruker (Billerica, MA, USA). 20–25 mg polymer was dissolved in 0.65 mL 1,2,4-trichlorbenzene with 0.05 mL 1,1,2,2-tetrachlorethane-d2 as locking standard and measured at 100 °C to ensure a high degree of solvation. Molecular weight distributions were determined via high temperature size exclusion chromatography using a PL-GPC-220 from Agilent (Santa Clara, CA, USA) with a refractive index detector and 1,2,4-trichlorbenzene as solvent. Measurements were performed at 135 °C and evaluated using a polystyrene calibration. The results of SEC experiments have been corrected using the Kuhn-Mark-Houwink-Sakurada equation to give (close to) absolute values [132].





5. Conclusions


The reaction kinetics of the chain propagation of ethylene polymerization with five different bisimine pyridine iron dichlorides catalysts cocatalyzed by methyl aluminoxane was mapped. The chain propagation exhibited a clean, not so often observed first-order kinetics with respect to both monomer and catalyst concentration; aluminum alkyls inhibit the formation of the active catalyst from the corresponding iron alkyls. The inhibition by aluminum alkyls is a function of the molecular weights of the alkyls. It is released by increasing the length of the alkyls on account of the coordination ability and the incompatibility to the toluene reaction medium. Both electronic and steric properties of the phenyl substituents of the aryl imine entity influence the catalytic action. The reaction steps in the catalysis involve a dissociation of aluminum alkyls from (cationic) iron alkyls, ethylene insertion, alkyl exchange and beta-hydrogen transfer reactions.



Electron-withdrawing substituents in the ligand yield more Lewis acidic centers. The concentration of the active catalyst is lower with such centers, and all the processes are generally faster. This leads to a degenerate ethylene polymerization in catalysts 1 and 4, with option of providing narrow distributed products. The beta-hydrogen transfer in catalyst 1 is much faster than in 4, and with conversion of ethylene, and thus, with molecular mass, the product mixture becomes predominantly olefinic. Only low molecular mass aluminum alkyls are accessible with catalyst 1.



Bulkier ligands are unfavorable for reaching the transition state of beta-hydrogen transfer. This results in the formation of long alkyl chains as soon as the chain shuttling becomes slow. The lower rate of alkyl exchange between aluminum and iron under such conditions results from the lower stability of heterobimetallic complexes of aluminum and iron alkyls, and in a later stage, predominantly by the low mobility of the swollen/precipitated aluminum polymeryls. The rate of beta-hydrogen transfer then is the product determining reaction as it is the alternative entrance to chain shuttling. Overall, catalyst 4 seems to show the best performance for obtaining aluminum polymeryls. The moderate rate of beta-hydrogen transfer gives intermediate mobile iron alkyls, capable of reactivating the precipitated aluminum polymeryls. The rate of ethylene insertion is in the order of chain shuttling, leading to a degenerate chain growth.



Based on the results, it can be concluded that a BIP catalyst with electron withdrawing and moderately bulky substituents at the phenyl rings lead to products that are most suitable for the synthesis of PEOH. It is a matter of finding a balance between inactivation through the formation of bi-metallics, and competition between insertion, beta-hydrogen transfer and chain shuttling. Alpha chlorinated methyl substituents on the ligand of catalyst 2 could lead to a promising polymerization catalyst for the one pot synthesis of functionalized polyethylene.
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Scheme 1. Possible chain terminations in BIP iron catalyzed ethylene polymerization. 
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Scheme 2. Structures of the used bisarylimine pyridine iron precatalysts (R1,2 in Table 1). 
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Figure 1. Average activity of catalyst 1 during the first 30 min, depending on the log aluminum concentration for various cocatalysts at 0.6 µmol/L of 1, 15 °C and 1 bar of ethylene pressure. 
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Figure 2. (a) Ethylene massflow at varying aluminum concentrations during polymerization catalysis by 3 (other catalysts see Figures S3–S6). (b) Constant maximum reaction rate (normalized to 0.6 µmol/L catalyst) as a function of the aluminum concentration for catalyst 1–5. Reaction conditions: 0.6 µmol/L catalyst 1, 2 and 3, 0.8 µmol/l catalyst 4, 0.55 µmol/L catalyst 5, 10 °C (15 °C for 1), 2 bars of ethylene. 
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Figure 3. (a) Logarithmic plots of the initial reaction rate against the cocatalyst concentration for catalyst 1–5 (see Table S1 for confidence interval). Reaction conditions: 0.6 µmol/L catalyst 1,2 and 3, 0.8 µmol/L catalyst 4, 0.55 µmol/L catalyst 5, 10 °C (15 °C for 1), 2 bars of ethylene. (b) Logarithmic plots of the maximum reaction rate against the catalyst concentration for catalyst 1–5 (Table S1). Reaction conditions: 40 mmol/L Al (MAO) (45 mmol/L for 1), 10 °C (15 °C for 1), 2 bars of ethylene. (c) Normalized logarithmic ethylene pressure loss against the reaction time for catalyst 1 (data of other catalysts in Figures S7–S10). Reaction conditions: 0.7 µmol/L of catalyst, 45 mmol/L of Al (MAO), 15 °C, 1–3 bar of ethylene. 
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Figure 4. Molecular weight distribution of catalyst 1 (a), 2 (b) and 3 (c) and 4 (d) at various aluminum concentrations. Reaction conditions: 0.6–0.8 µmol/L catalyst, 10–15 °C, 2 bar of ethylene. 
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Figure 5. Number average molar mass and olefin content as a function of; (a) the catalyst concentration; and (b) the monomer pressure. Reaction conditions: 15 °C, 2 bar of ethylene pressure, about 55 min reaction time 45 mmol/L of MAO and for (b) 0.6 µmol/L of 1. 
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Figure 6. The number average molar mass and olefin fraction of the solid products prepared with catalyst 5. Reaction conditions: 0.5 µmol/L 5, 10 °C, 2 bar of ethene pressure, about 40 min reaction time. 
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Scheme 3. Ethylene polymerization by bisarylimine iron complexes [Fe] 1–5 with MAO containing TMA ([Fe]# refers to the dormant iron species and [Fe]* to the active form). 
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Scheme 4. Reactions in heterophasic BIP iron MAO/TMA catalyzed ethylene polymerization. 
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Table 1. Substitution pattern of the investigated catalysts 1–5.
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	Catalyst
	R1
	R2





	1
	Cl
	Cl



	2
	Et
	Et



	3
	Me
	Me



	4
	Me
	Cl



	5
	H
	Me
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Table 2. Slopes   k ’   of the regression lines of the logarithmic pressure-time plot (normalized to 1 mol/L catalyst concentration) at 10 °C and 40 mmol/L of Al at t = 0 (MAO).
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	Catalyst
	

    k ‘   [  s  − 1   ]    













	1
	400 (650 a)



	2
	1850



	3
	990



	4
	350



	5
	1360







a: at 15 °C, 45 mmol/L of MAO.
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Table 3. Characteristics of the products obtained with catalyst 1–4 at various Al (MAO) concentrations.
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Compound

	
[Al] [mmol/L]

	
Yield [g]

	
Mn (NMR) [kg/mol]

	
Mn (SEC abs) [kg/mol]

	
xolefin [%]

	
PDI

	
Shape






	
1

	
3

	
4

	
9.5

	
9.0

	
80

	
1.6

	
monomodal




	
5.5

	
19.5

	
7.7

	
6.7

	
63

	
1.9

	
monomodal




	
17

	
24

	
5.9

	
5.3

	
50

	
3.5

	
monomodal




	
22

	
11

	
4.9

	
4.8

	
40

	
1.4

	
monomodal




	
28

	
12

	
4.7

	
4.6

	
42

	
2.9

	
monomodal




	
35

	
13

	
4.4

	
3.6

	
37

	
4.2

	
monomodal




	
45

	
12

	
3.2

	
3.2

	
30

	
1.1

	
monomodal




	
2

	
3

	
14

	
15.7

	
15.3

	
27

	
32

	
broad




	
5.5

	
12

	
9.0

	
9.5

	
13

	
38

	
broad + shoulder




	
20

	
11

	
9.7

	
5.7

	
15

	
130

	
broad + shoulder




	
28

	
10.5

	
4.6

	
7.8

	
6

	
70

	
broad + shoulder




	
37

	
9

	
8.8

	
7.2

	
14

	
112

	
bimodal




	
3

	
3

	
12

	
12

	
10.7

	
35

	
32

	
monomodal, broad




	
11

	
11

	
7.8

	
10.6

	
30

	
39

	
bimodal




	
17

	
8.5

	
10

	
7.0

	
19

	
38

	
broad + shoulder




	
28

	
9.5

	
6.7

	
6.9

	
29

	
72

	
bimodal




	
35

	
8

	
5.4

	
6.8

	
11

	
78

	
bimodal




	
4

	
5.5

	
9

	
6.2

	
14.3

	
32

	
1.8

	
monomodal




	
11

	
15

	
4.3

	
7.0

	
20

	
3.2

	
monomodal




	
17

	
11.5

	
3.1

	
4.7

	
25

	
3.9

	
mm + small shoulder




	
22

	
3

	
3.1

	
3.0

	
<5

	
2.3

	
mm + small shoulder




	
28

	
5.5

	
2.8

	
-

	
11

	
-

	
-




	
35

	
4.5

	
2.3

	
-

	
<5

	
-

	
-




	
45

	
6

	
3.3

	
-

	
11

	
-

	
-








All experiments were carried out at 10 °C with 0.55–0.8 µmol/L catalyst at 2 bar of ethylene pressure and 40 min (55 min (1)) of reaction time.
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