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Abstract

:

Data are presented on the activity of supported vanadium-magnesium catalysts (VMCs) with different vanadium content in ethylene polymerization and the molecular weight characteristics of the produced polyethylene. The VC1 catalyst, with a very low vanadium content (0.12 wt.%), showed a sixfold higher activity per unit weight of vanadium than the VC2 catalyst with a high-vanadium content (4.0 wt.%). Additionally, the total activity of VC2 (kg PE/g cat·h) was fivefold higher when compared to VC1. The introduction of hydrogen in polymerization leads to a considerable decrease in the activity of both catalysts. The polyethylene obtained in the presence of hydrogen over both catalysts has a broad bimodal molecular weight distribution (MWD) with a distinct shoulder in the high-molecular region (Mw ≥ 106 g/mol). Decomposition of the MWD curves of bimodal polyethylene into two fractions (high- and low-molecular fractions) made it possible to determine for the first time the ratio of the reaction rate constants of chain transfer with hydrogen (KtrH) and polymer chain propagation (Kp) for two groups of the VMC active sites producing low- and high-molecular fractions of bimodal polyethylene.
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1. Introduction


The supported titanium–magnesium catalyst (TMC) of the Ziegler-Natta type with a titanium-active center is well known in the global production of polyolefins [1]. The polyethylene (PE) obtained using this catalyst has a relatively narrow molecular weight distribution (MWD = 4–6) [2,3]. It is known that polyethylene with a narrow MWD is used to produce traditional injection molding grades of high-density polyethylene (HDPE). It is very important to control MWD for the production of HDPE, especially to produce PE with the broad and bimodal MWD needed for pipe applications [4,5]. A general method to produce HDPE with a broad and bimodal MWD over titanium-magnesium catalysts is the use of tandem reactors with different polymerization conditions.



The composition of the active component may exert a considerable effect on the molecular weight characteristics of HDPE. In particular, supported vanadium-magnesium catalysts (VMCs), which contain vanadium chloride as the active component deposited on MgCl2, differ considerably from TMCs regarding the regulation of molecular structure of PE and copolymers of ethylene with α-olefin [2,3,6,7,8,9,10,11,12,13,14,15,16,17,18]. Unlike TMCs, VMCs make it possible to produce PE with a broad or bimodal MWD in one polymerization reactor with polydispersity (Mw/Mn values) within the range of 15–33 [7,8,9,10,11,12,13,14,15,16,17,18]. However, the main problem in the application of vanadium–magnesium catalysts for the production of polyethylenes with broad MWD is their deactivation in the presence of hydrogen, which is used to control the molecular weight of PE.



Therefore, a more detailed study on the effect produced by hydrogen on the activity of VMCs and the molecular weight and polydispersity (Mw/Mn) of polymers is very valuable.



In earlier research, we found that the activity of titanium–magnesium catalysts improved sharply as the Ti content in catalysts decreased from 5 to 0.07 wt.% [19]. The catalyst with a low-titanium content (≤0.1 wt.%) produced PE with a narrower MWD (Mw/Mn = 3.1–3.5) when compared to the catalysts with a higher titanium content (3–5 wt.%; Mw/Mn = 4.8–5.0) [19]. According to ESR data, superactive titanium–magnesium catalysts with a low-titanium content (≤0.1 wt.%) interact with organoaluminum cocatalysts to produce isolated Ti3+ compounds, the content of which correlates with the activity in ethylene polymerization [20,21].



In our earlier research, we supposed [21] that in the case of supported VMCs, the anchoring of VCl4 on activated MgCl2 occurred similarly to the anchoring of TiCl4 on the same sites as the support-activated magnesium chloride, which contains coordinatively unsaturated magnesium ions. Considering the earlier acquired data concerning the effect of titanium content on the activity of TMCs and molecular weight distribution of the produced polyethylene, in the present study, we investigated the effect of vanadium content in VMCs on the activity of these catalysts, and the effect of hydrogen on the polymerization rate and the molecular weight characteristics of the polyethylene produced over two VMC samples with different vanadium content.




2. Results and Discussion


2.1. The Effect of Hydrogen on the Activity of VMCs with Different Vanadium Content


Table 1 and Figure 1a,b present data on the ethylene polymerization over VMCs with different vanadium content (the VC1 catalyst containing 0.12 wt.% of V and the VC2 catalyst containing 4 wt.% of V).



In the case of polymerization without hydrogen (exps. 1 and 5, Table 1), the polymerization rate (Rpav and Rpmax) calculated per unit weight of vanadium (kg PE/g V·h) for the VC1 catalyst is five to six times higher compared to the VC2 catalyst. At the same time, the polymerization rate calculated per total weight of the supported catalyst (kg PE/g cat·h, catalyst activity) is much higher (5.3-fold) for the “high-loading” VC2 in comparison with the “low-loading” VC1. It should be noted that the 5.3-fold increase in activity (kg PE/g cat·h) of the VC2 catalyst compared to the VC1 catalyst is achieved by increasing the vanadium content in VC2 by a factor of 33 with respect to VC1. According to the data obtained, additional active sites are formed in the VC2 catalyst along with the sites that are present in VC1. However, the content of such sites in VC2 is much lower than in VC1.



A similar effect of the content of the transition element (Ti) on the catalyst activity in ethylene polymerization was found in our earlier studies for supported Ti-Mg catalysts [19,20,21]. In the case of Ziegler-type TMCs (TiCl4/MgCl2 + AlR3) with a titanium content ≤ 0.1 wt.%, a superhigh activity per unit weight of titanium is associated with a high concentration of active sites (over 40% of the entire titanium content) [20], which are represented by the monomeric compounds of Ti3+ anchored on tetracoordinated magnesium ions of the support (the 110 face) [21].



According to ESR data, supported catalysts with the composition VCl4/MgCl2 with a low-vanadium content (ca. 0.1 wt.%) contain only the VCl4 monomeric surface compounds [22]. As in the case of titanium tetrachloride in TMCs, the monomeric compounds of vanadium tetrachloride are anchored on tetracoordinated magnesium ions of the support. This ensures a higher yield of active sites (AS) in the VC1 catalyst after the interaction with a cocatalyst ((i-Bu)3Al) and a much higher activity of VC1 per unit weight of vanadium compared to the VC2 catalyst.



The introduction of a small amount of hydrogen (0.5 bar, ca. 4.5 vol.%) in the polymerization medium sharply decreases (by a factor of six) the activity of the VC1 catalyst (exps. 1 and 2, Table 1 and Figure 1a). At the same time, the activity of the VC2 catalyst decreases to a smaller extent (by a factor of 1.4, exps. 5 and 6, Table 1 and Figure 1b). Therewith, the VC1 catalyst retains a higher activity per gram of vanadium (ca. 1.4-fold) with respect to the VC2 catalyst (compare exps. 2 and 6, Table 1). An increase in the hydrogen content in the reaction medium leads to a more drastic decrease in the activity of the VC2 catalyst (by a factor of 3.7) with respect to the VC1 catalyst (by a factor of 1.8) (exps. 4 and 8, Table 1). As supposed earlier [14], deactivation of the vanadium-magnesium catalyst upon hydrogen introduction is related to the transition of a part of active sites containing vanadium-polymer bonds to a temporarily inactive state due to adsorption of the alkyl aluminum hydride that forms in the presence of hydrogen. In reference [14] it was shown that these sites became active again when hydrogen was removed from the reaction medium, thus enhancing the VMC activity. A more abrupt decrease in the activity of the “low-loading” VC1 catalyst upon introduction of hydrogen in the polymerization medium may be associated with greater accessibility of active sites in the VC1 catalyst to the interaction with alkyl aluminum hydride compared to the active sites present in the VC2 catalyst. The effect of hydrogen content in the polymerization medium on the shape of kinetic curves of ethylene polymerization over VMCs differing in vanadium content is demonstrated in Figure 1a,b.



Figure 1a shows the kinetic curves of ethylene polymerization over the “low-loading” catalyst (VC1). The activity of the VC1 catalyst in ethylene polymerization without H2 increases during the first 30 min to a maximum value of 2.15 kg PE/g cat·h (1800 kg PE/g V·h) and then gradually decreases during 90 min to the value that is approximately 1.5 times lower than the maximum rate. The introduction of hydrogen (0.5 bar, 4.5 vol.%) substantially reduces the acceleration period of the reaction on the kinetic curve (to 5 min), and then the reaction rate changes very slightly over 115 min (Figure 1). The maximum and average polymerization rates in the presence of hydrogen (4.5 vol.%) are approximately six times lower compared to polymerization without hydrogen (Table 1, exps. 1 and 2, Figure 1a).



An increase in the hydrogen content in the reaction medium from 4.5 to 16 vol. % exerts virtually no effect on the shape of kinetic curves during ethylene polymerization over the VC1 catalyst (Figure 1) and leads to a decrease in both the maximum and average rates of polymerization (Table 1, exps. 2–4). It should be noted that at a high concentration of hydrogen (10–16 vol.%) the polymerization rate remains stable for two hours (Figure 1a).



All the kinetic curves of ethylene polymerization over the “high-loading” catalyst (VC2) (Figure 1b), both without hydrogen and at its different contents (4.5–16 vol. %), have a similar acceleration period of the reaction (ca. 30 min) up to the maximum polymerization rate, which decreases with increasing hydrogen concentration.



It should be noted also that the activity of the VC1 catalyst upon hydrogen introduction in the polymerization medium decreases more strongly compared to the VC2 catalyst. In particular, the activity of the VC1 decreases by a factor of 5.9 (Table 1, exps. 1 and 2), while the activity of the VC2 catalyst under identical conditions decreases only by a factor of 1.3 (Table 1, exps. 5 and 6).




2.2. The Effect of Hydrogen on the Molecular Weight Distribution of Polyethylene Obtained over V-Mg Catalysts with Different Vanadium Content


Data on the molecular weight, MWD, and polydispersity of PE (the Mw/Mn value) are presented in Table 1 and Figure 2.



The molecular weight of polyethylene produced on both VMCs upon introduction of even a small amount of hydrogen (4.5 vol. %) sharply decreases by a factor of ca. 20 (exps. 1 and 2, 5 and 6, Table 1). An increase in the hydrogen content from 4.5 to 16 vol. % leads to a further decrease in the molecular weight by a factor of three to five (exps. 2–4 and 5–7, Table 1).



Figure 2 displays the MWD curves for polymers obtained over the catalysts VC1 and VC2 during ethylene polymerization at different hydrogen contents. It shows that in all cases the produced polymer has a broad MWD and a clearly bimodal nature. An increase in the hydrogen content during polymerization from 4.5 to 16 vol. % results in the broadening of MWD (an increase in polydispersity, Mw/Mn) from 6.8–7.2 to 11–12 due to a sharper decrease in the Mn value (by a factor of five) compared to Mw (approximately by a factor of three) (Table 1). It should be noted that all the polymers produced over VMCs with different vanadium content have the bimodal MWD with a more pronounced high-molecular part in the polymers obtained over the VC1 catalyst (compare Figure 2a,b). The formation of the polymer with bimodal MWD testifies to the presence of two groups of active sites in these VMCs, which have different sensitivities to hydrogen as the polymer-chain transfer agent. As hydrogen content increases, the MWD of PE becomes broader due to a greater displacement of the low-molecular component on the MWD curve than the high-molecular component (Figure 2).



To ensure a more accurate quantitative estimation of changes in the molecular weight distribution and molecular weights of the low- and high-molecular components of bimodal polyethylene produced over VMCs with different vanadium content at different hydrogen contents, the MWD curves were decomposed into two components (the low-molecular part P1 and the high-molecular part P2). The MWD curves obtained by decomposition are displayed in the Supplementary Materials (Figures S1–S6). Data on the molecular weight distribution and molecular weights of individual components P1 and P2 as well as the fraction of these components at different hydrogen contents are listed in Table 2.



In all of the experiments the P1 fraction has quite a broad MWD (the Mw/Mn value is 6.5–7.9 in the case of the VC1 catalyst and 7.7–10 in the case of the VC2). At the same time, the P2 fraction in all of the experiments has a very narrow MWD (Mw/Mn < 2). Additionally, it should be noted that in the case of the VC1 catalyst the high-molecular fraction P2 constitutes 6.7–10%, which is considerably higher compared to the VC2 catalyst, for which the high-molecular fraction P2 is only 2.2–5.5%. This fraction has a minimum content (2.2%) at low-hydrogen content and grows to 5.5% when the hydrogen content increases (exps. 6 and 8, Table 2). Data in Table 1 show that in all the experiments performed in the presence of hydrogen, the predominant chain transfer reaction is the chain transfer with hydrogen. Indeed, upon introduction of even a minimum amount of hydrogen (4.5 vol.%, exps. 4 and 6, Table 1), the molecular weight of polyethylene decreases by a factor of 20; an increase in the hydrogen content to 16 vol. % leads to a further decrease in the molecular weight of polyethylene by a factor of five (exps. 4 and 8, Table 1). In this case, the ratio of reaction rate constants for polymer chain propagation (Kp) and chain transfer with hydrogen (KtrH) can be calculated using the simplified Equation (1):


Pn = Vp/VtrH = (Kp·Cp·Cm)/(KtrH·Cp·CH) = (Kp/KtrH)·(Cm/CH)



(1)




where Pn—the degree of polymerization, Vp—the rate of polymer chain propagation; VtrH—the rate of chain transfer with hydrogen; Kp—the rate constant of polymer chain propagation reaction; KtrH—the rate constant of chain transfer with hydrogen; Cp—the concentration of active sites; Cm—the ethylene concentration in heptane; and CH—the hydrogen concentration in heptane.



The data presented in Figure 2 and Figures S1–S6 and Table 2 demonstrate that the catalysts VC1 and VC2 contain two groups of active sites, where polyethylene with a sharply differing molecular weight is produced (P1 and P2 fractions). The data in Table 2 concerning the molecular weight of these fractions make it possible to calculate using Equation (1) the Kp/KtrH values for two groups of the active sites that produce polyethylene fractions P1 and P2 (AS1 and AS2, respectively). The calculated data for the polymers obtained over the VC1 and VC2 catalysts during polymerization with the minimum and maximum contents of hydrogen (exps. 2 and 4, 6 and 8, Table 2) are listed in Table 3.



According to Table 3, the KtrH/Kp values calculated for different groups of active sites (AS1 and AS2) are close for VMCs with different vanadium contents, both in the experiments with low-hydrogen content (exps. 2 and 6, Table 3) and the experiments with high-hydrogen content (exps. 4 and 8, Table 3). The KtrH/Kp value for AS1 sites producing the low-molecular fraction P1 is equal to (77–91)·10–3. In the case of AS2 sites producing the high-molecular fraction P2, the KtrH/Kp value is also close for both the VC1 and VC2 catalysts, being equal to (1.0–2.3)·10–3 (exps. 2 and 4, 6 and 8, Table 3). These data indicate that in all cases the KtrH/Kp value is considerably higher (45–100-fold) for the active sites producing the low-molecular fraction P1 compared to the sites producing the high-molecular fraction P2. This may be related to higher reactivity of AS1 sites in the polymer chain transfer with hydrogen compared to AS2 sites. In reference [16] the propagation rate constant of ethylene polymerization over the supported vanadium–magnesium catalyst was estimated (Kp = 2.2 × 104 L/mol·s). We used this Kp value to calculate the rate constant of the polymer chain transfer with hydrogen (KtrH) during polymerization over the VC1 and VC2 catalysts (Table 3) for two groups of the active sites that produce P1 and P2 fractions.



According to the data in Table 3, the AS1 sites in both VMCs, which make the main contribution to the produced polyethylene (90–98%), have a very high-rate constant of polymer-chain transfer with hydrogen (KtrH ≈ 2000 L/mol·s). It strongly exceeds the KtrH value for TMCs (KtrH ≈ 100 L/mol·s) [19]. On the other hand, the AS2 sites for these VMCs, the contribution of which PE formation ranges from 2 to 10%, have a lower rate constant of polymer-chain transfer with hydrogen (by a factor of 2–5) compared to the TMC active sites.





3. Materials and Methods


3.1. Catalyst Preparation


A highly dispersed MgCl2-containing support for both vanadium–magnesium catalysts was synthesized by reacting the originalbutylmagnesium chloride in a solution of dibutyl ether (with a magnesium concentration of ca. 0.9 g-atom L−1) first with ethyl acetate (EA) at a molar ratio of EA/Mg = 0.25, and then with the chlorinating agent phenyltrichloromethane (PhCCl3) at a molar ratio of PhCCl3/Mg = 1.2 at a temperature of 25 °C according to [23]. The resulting support was then treated with diethylaluminium chloride (Al/Mg = 1.0 (molar)) to remove electron-donating compounds from the surface of the support.



The supported vanadium–magnesium catalysts with low (ca. 0.1 wt.%) and high (ca. 4 wt.%) vanadium contents were prepared by deposition of an estimated amount of VCl4 on the highly dispersed MgCl2 (d50 = 11.7µm, SPAN = 0.57) at room temperature by reacting for 1 h (60 °C) and washing with n-heptane. The VC1 catalyst contained 0.12 wt.% vanadium, 18.2 wt.% magnesium, and 1.4 wt.% aluminum. The VC2 catalyst contained 3.96 wt.% vanadium, 18.5 wt.% magnesium, and 1.6 wt.% aluminum.




3.2. Polymerization


Polymerization of ethylene was carried out in a 1 L stainless steel reactor. The reactor was equipped with an external heating jacket and an internal cooling coil to maintain the polymerization temperature. It was also equipped with a magnetic coupled stirrer operating at a variable stirring speed. A pressure sensor was used to keep the polymerization pressure with a controlling ethylene valve. Additionally, a temperature sensor was used to keep the polymerization temperature by controlling the heat and the cool water valve. The polymerization conditions were as follows: heptane as a solvent (0.25 L); polymerization temperature of 80 °C; ethylene polymerization pressure of 10 bar; in some experiments hydrogen was charged into the reactor at the beginning of polymerization (P (H2) = 0–2 bar); TIBA (triisobutylaluminum) served as a cocatalyst (4.8 mmol L–1); the amount of the catalyst VC1 injected into the polymerization reactor was 14.7 mg (0.00035 mmol of V) (0.0014 mmol L−1); and the catalyst VC2 was 5.5 mg (0.00427 mmol of V) (0.017 mmol L−1). The reaction time was 120 min.




3.3. Measurements


The vanadium, aluminum, and magnesium concentrations in the catalyst were measured by AES-ICP on an Optima 5300 DV spectrometer (PerkinElmer, Waltham, MA, USA).



The MWD measurements were carried out using a high-temperature gel-permeation chromatography (GPC) PL 220 system (Angilent Technologies, Inc., Santa Clara, CA, USA) equipped with RI and DV detectors in 1,2,4-trichlorobenzene, at a flow rate of 1 mL·min–1 and a temperature of 160 °C. The polymers were analyzed on a set of Olexis columns. The instrument was calibrated using polyethylene and polystyrene standards with a narrow MWD. The MWD curves splitting technique is described elsewhere [24].



The intrinsic viscosity of polyethylene was estimated according to ISO 1628 using a diluted solution of polyethylene in decahydronaphthalene (decalin) (Acros) (over the concentration range from 0.01 to 0.03 g dL–1) at a temperature of 135 ± 0.2 °C on an Ubbelohde viscometer (BIC, Novosibirsk, Russia). The obtained intrinsic viscosity of polyethylene was used to calculate the average molecular weight using the Margolies Equation (2):


   Μ v   =    5   . 37  ×   10  4  ×  η  1  . 49     



(2)




where Mv is the average molecular weight, g/mol; and η is the intrinsic viscosity, dL·g−1.





4. Conclusions


The study revealed that during ethylene polymerization in the absence of hydrogen, the supported vanadium-magnesium catalyst with a very low-vanadium content (0.12 wt.%, the VC1 catalyst) has an increased activity (140 kg PE/g V·h·bar C2H4), which exceeds sixfold the activity of VMCs with a high-vanadium content (4.0 wt.%; the VC2 catalyst). At the same time, the total activity of the VC2 catalyst (kg PE/g cat·h) is five times higher than that of the VC1 catalyst when the vanadium content in the VC2 catalyst is increased 33-fold with respect to the VC1 catalyst. These data testify to the formation of additional active sites in the VC2 catalyst along with the sites that are present in the VC1 catalyst; however, the fraction of these sites in the VC2 catalyst is much smaller than in the VC1 catalyst.



The introduction of hydrogen during polymerization leads to a substantial decrease in the activity of VMCs. A distinctive feature of VMCs with a low-vanadium content (VC1) is their stronger deactivation upon the introduction of a small amount of hydrogen in the polymerization medium (ca. 4.5 wt.%). The activity decreases sixfold for the VC1 catalyst and only 1.4-fold for VC2. This may be caused by higher accessibility of isolated active sites in the VC1 catalyst to their blocking with the alkyl aluminum hydride formed in the presence of hydrogen (the formation of “dormant” active sites) [10,16].



The polyethylene obtained in the presence of hydrogen over the VC1 and VC2 catalysts has a broad bimodal molecular weight distribution with a distinct shoulder in the high-molecular-weight region (Mw ≥ 106 g/mol) (Table 3). The bimodal nature of the MWD curves displayed in Figure 2 indicates that these catalysts contain two groups of active sites producing polyethylene with different molecular weights in the presence of hydrogen: the AS1 sites that produce the polyethylene fraction P1 with a lower molecular weight, and the AS2 sites that produce the polyethylene fraction P2 with a higher molecular weight.



The decomposition of bimodal MWD curves of polyethylene produced over the VC1 and VC2 catalysts during polymerization with different hydrogen contents was used to obtain more accurate quantitative data concerning the effect of hydrogen on the content of P1 and P2 fractions and molecular-weight characteristics of these fractions (Table 2). These data demonstrate that the polydispersity of PE (the Mw/Mn value) grows with increasing the hydrogen content during polymerization due to a stronger decrease in the molecular weight of PE for the P1 fraction in comparison with the P2 fraction. It should be noted also that the content of the high-molecular-weight fraction P2 is not great for both catalysts (2.2–10%) and increases with the hydrogen content. For the polyethylene produced over the VC1 catalyst, the content of this fraction (6.7–10%) is higher compared to PE obtained over the VC2 (2.2–5.5%).



The data acquired by the decomposition of bimodal MWD curves in P1 and P2 fractions made it possible to determine for the first time the ratio of rate constants of chain transfer with hydrogen (KtrH) and polymer-chain propagation (Kp) for two groups of the active sites in VMCs that produce low- and high-molecular weight fractions of bimodal polyethylene (Table 3). The AS1 sites of both VMCs producing the low-molecular fraction were shown to have a higher reactivity toward polymer-chain transfer with hydrogen (by a factor of 45–100) compared to the AS2 sites producing the high-molecular fraction of polyethylene.



The active sites for both VMCs, which produce the low-molecular fraction of PE and make the main contribution to the resulting polyethylene (90–98%), have a very high-rate constant of polymer chain transfer with hydrogen (KtrH ≈ 2000 L/mol·s). It strongly exceeds the KtrH value for TMCs (KtrH ≈ 100 L/mol·s). On the other hand, the AS2 sites of these VMCs, which produce the high-molecular fraction of the polymer and make the contribution to PE formation of 2 to 10%, have a lower rate constant of polymer-chain transfer with hydrogen (by a factor of 2–5) compared to the TMC active sites.
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Figure 1. The effect of hydrogen content on the shape of kinetic curves of ethylene polymerization over the “low-loading” VMC (VC1) (a), and “high-loading” VMC (VC2) (b) (polymerization conditions are listed in Table 1). 
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Figure 2. MWD curves of the polymers obtained on the “low-loading” (VC1, exps. 2–4) (a) and “high-loading” (VC2, exps. 6–8) (b) VMCs (polymerization conditions are listed in Table 1). 
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Table 1. The effect of hydrogen on the activity of VMCs with different vanadium content and molecular-weight characteristics of the produced polyethylene.
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No

	
Cat

	
P (H2) (bar)

	
[H2] (vol%)

	
Activity 1 (kg PE g cat−1 h−1)

	
Rpav 2

	
Rpmax 2

	
Mw (kg mol−1)

	
Mn (kg mol−1)

	
Mw/Mn




	
(kg PE g V−1 h−1)






	
1

	
VC1 4

	
0

	
0

	
1.65

	
1387

	
1788

	
6300 3

	
-

	
-




	
2

	

	
0.5

	
4.5

	
0.28

	
232

	
282

	
400

	
51

	
7.8




	
3

	

	
1.0

	
8.7

	
0.17

	
142

	
182

	
275

	
24

	
11.5




	
4

	

	
2.0

	
16.0

	
0.15

	
129

	
145

	
140

	
10

	
14.0




	
5

	
VC2 4

	
0

	
0

	
8.8

	
219

	
389

	
5900 3

	
-

	
-




	
6

	

	
0.5

	
4.5

	
6.7

	
168

	
231

	
370

	
44

	
8.4




	
7

	

	
1.0

	
8.7

	
4.6

	
116

	
140

	
240

	
18

	
13.0




	
8

	

	
2.0

	
16.0

	
1.8

	
45

	
50

	
135

	
8.8

	
15.0








1 Polymerization conditions: heptanes (250 mL), 80 °C, P (C2H4) = 10 bar, P (H2) = 0–2 bar. TIBA as a cocatalyst (4.8 mmol L−1) for 120 min. 2 Rpav and Rpmax = the average and maximum polymerization rates. 3 average molecular-weight viscosity (Mv). 4 VC1 (0.12 wt.% of V), VC2 (4.0 wt.% of V).
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Table 2. Data 1 on the molecular weight and polydispersity of two individual fractions (P1 and P2) of the polyethylene produced by polymerization with different H2 concentrations over VMCs with different V content.
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	No
	Catalyst
	[H2]/[C2H4] (in Heptane)
	Fraction
	Area Percent
	Center Value
	Mw (kg mol−1)
	Mn (kg mol−1)
	Mw/Mn





	2
	VC1
	0.0081
	P1
	93.3
	5.07
	300
	46
	6.5



	
	
	
	P2
	6.7
	6.24
	1900
	1600
	1.2



	
	
	
	SUM
	100
	
	400
	51
	7.8



	3
	
	0.0162
	P1
	90
	4.72
	130
	21
	6.2



	
	
	
	P2
	10
	6.13
	1500
	1100
	1.4



	
	
	
	SUM
	100
	
	275
	24
	11.5



	4
	
	0.0324
	P1
	91
	4.39
	72
	9.1
	7.9



	
	
	
	P2
	9
	5.85
	810
	585
	1.4



	
	
	
	SUM
	100
	
	140
	10
	14.0



	6
	VC2
	0.0081
	P1
	97.8
	5.07
	330
	43
	7.7



	
	
	
	P2
	2.2
	6.21
	1700
	1500
	1.1



	
	
	
	SUM
	100
	
	370
	44
	8.4



	7
	
	0.0162
	P1
	96.4
	4.74
	175
	17
	10



	
	
	
	P2
	3.6
	6.18
	1600
	1400
	1.1



	
	
	
	SUM
	100
	
	240
	18
	13.0



	8
	
	0.0324
	P1
	94.5
	4.38
	71
	8.2
	8.7



	
	
	
	P2
	5.5
	6.03
	1200
	860
	1.4



	
	
	
	SUM
	100
	
	135
	8.8
	15.0







1 Data were obtained by the analysis of MWD curves for P1 and P2 fractions displayed in Figures S1–S6.
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Table 3. Rate constants of polymer chain transfer with hydrogen during ethylene polymerization over the VC1 and VC2 catalysts, which were calculated for two groups of VMC active sites producing fractions P1 and P2.
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No

	
Catalyst

	
[H2]/[C2H4] (in Heptane)

	
Fraction

	
Pn 10−3

	
(Kp/KtrH) 10–3

	
(KtrH/Kp 1) 103

	
KtrH, (L mol–1 s–1)






	
2

	
VC1

	
0.0081

	
P1

	
1.643

	
0.013

	
77

	
1694




	
P2

	
57.14

	
0.46

	
2.2

	
48




	
4

	
0.0324

	
P1

	
0.325

	
0.011

	
91

	
2000




	
P2

	
20.179

	
0.65

	
1.5

	
33




	
6

	
VC2

	
0.0081

	
P1

	
1.5357

	
0.012

	
81

	
1782




	
P2

	
53.571

	
0.43

	
2.3

	
51




	
8

	
0.0324

	
P1

	
0.293

	
0.01

	
100

	
2200




	
P2

	
30.71

	
1.0

	
1.0

	
22








1 Kp = 22 × 103 L/(mol × s) [16].
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