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Abstract 

We synthesized and spectroscopically characterized a new heterotrimetallic {Ti2Ni} ethylene 

(co)polymerization precatalyst containing one (α-diimine)NiBr2 and two (phenoxy-imine)TiCl4 

scaffolds. Its calculated structure was investigated at the DFT B3LYP/LACVP** level. Our 

calculations showed that the titanium(IV) centers were in a slightly distorted trigonal 

bipyramidal environment, and the average Ti···Ni distance was 8.76 Å. The precatalyst was 

used for synthesizing polyethylene and ethylene copolymers. The results of GPC analyses 

showed that the obtained polyethylenes had the desired bimodal molecular weight 

distributions. The FTIR spectra revealed that polydispersity decreased as the vinyl end-group 

content increased. These results suggested that high mechanical resistance can increase the 

mechanical energy needed for processing the material. All 13C NMR signals were assigned to 
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short-chain branches with specific spatial arrangements along the polymer backbone. The 

chain walking mechanism of branch formation controls the spacing and conformational 

arrangements between these short chains. 

Keywords  

Heterotrinuclear catalyst; polymerization; polyethylene; homogeneous catalysis 

 

1. Introduction 

Two or more metal centers synergically act in the active site of several enzymes, thus improving 

kinetics and imparting high selectivity [1, 2]. Based on this mechanism of action, multinuclear 

cooperative catalysis has been applied to many processes, including coordination polymerization, 

olefin hydrogenation, hydroformylation, cycloaddition, and epoxidation [3-5]. In olefin 

polymerization reactions catalyzed by multinuclear transition metal complexes, cooperative effects 

significantly enhance the molecular weight, chain branch density, and comonomer enchainment 

selectivity of the products compared to the reactions catalyzed by analogous mononuclear catalysts 

[6, 7]. Thus, using heterotrinuclear catalysts allow several tandem reactions to be studied. Different 

metal backbones facilitate mechanistically different cycles and can cooperatively operate during the 

catalytic cycle [8]. 

Both homo and heterodinuclear complexes containing metals of groups 4 and 6 (e.g., Ti2, Zr2, 

Ti−Zr, and Ti−Cr) exhibit distinctive cooperative effects in the production of polyolefins with 

substantially higher molecular weights (Mw’s) and comonomer enchainment contents, compared to 

the corresponding mononuclear analogs [9-13]. 

Since the 1950s, Ziegler-Natta catalysis has evolved from developing several homogeneous 

metallocenes based on early transition metals [14, 15]. In the 1990s, Brookhart et al. polymerized 

α-olefins catalyzed by nickel(II) and palladium(II) α-diimine complexes that were activated by 

methylaluminoxane (MAO) or other ionizing agents [16]. Polyethylenes synthesized using Brookhart 

catalysts have highly linear to moderately branched structures. Methyl branches predominate due 

to variations in the catalyst structure, comonomer, temperature, and ethylene pressure [17, 18]. 

In the same decade, group 4 metal phenoxy-imine catalysts developed by scientists at Mitsui & 

Co. suggested an attractive class of living olefin polymerization [19]. Fujita et al. reported several 

non-metallocene catalytic systems for ethylene polymerization, consisting of titanium complexes 

bearing two chelating phenoxy-imine ligands and MAO (Ti-FI catalysts) [20, 21]. 

Mixtures of titanium and nickel complexes are used to produce a wide range of branched 

polyethylenes [22, 23]. However, studies on polymerization catalysts based on heterometallic 

complexes containing metals of groups 4 and 10 are limited [24]. In this study, we reported the 

catalytic activity for the ethylene (co)polymerization of a new trimetallic {Ti2Ni} complex. This 

complex had two titanium(IV) centers bound to chelating phenoxy-imine groups connected by a 

central (°iamine)nickel(II) scaffold. We hypothesized that cooperative effects involving two or more 

metal centers might lead to more efficient chain propagation and/or new polymer architectures. 
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2. Materials and Methods 

2.1 Synthesis of the N1C1 Complex 

The reaction scheme is shown in Figure 1. Sufficient quantities of the N1C1 complex were 

synthesized using the one-pot reaction technique [25]. 

 

Figure 1 Synthesis of the N1C1 complex. 

In a 100 mL Schlenk flask, 0.466 g (2.0 mmol) of acenaphthenequinone, 0.540 g (5.0 mmol) of p-

phenylenediamine, 0.718 g (1.7 mmol) of NiBr2(DME) (DME = ethylene glycol dimethyl ether), 10 

mL of acetonitrile, and 40 mL of ethanol were added. The reaction was performed under reflux for 

3 h at 80°C. Subsequently, the product was filtered, washed three times with 10 mL of hexane, and 

dried under vacuum. The yield was 84%. Elemental Analysis CHN: % C Calc. (50.13) Found: (50.70); % 

H Calc. (2.08) Found (2.14); % N Calc. (9.75) Calc. (9.88). FTIR (KBr, 4,000–600 cm–1): ѵC=N 1,586 cm–

1, and ѵN-H 3,500 cm–1. 

2.2 Synthesis of the N1C2 Complex 

The reaction scheme is shown in Figure 2. In a 100 mL Schlenk flask, 0.274 g (1.2 mmol) of 3,5-

di-tert-butylsalicylaldehyde, 0.350 g (0.60 mmol) of N1C1, 10 mL of acetonitrile, 10 mL of 

dichloromethane, and 30 mL of ethanol were added. The reaction was refluxed for 3 h at 80°C. Then, 

the product was filtered, washed three times with 10 mL of hexane, and dried under vacuum. The 

yield was 49%. Elemental Analysis CHN: % C Calc. (64.41) Found: (64.94); % H Calc. (5.17) Found 

(5.56); % N Calc. (5.56) Found: (5.80). UV-Vis (λmax, nm) in CHCl3: 271, 328, and 381. FTIR (Nujol, 

4,000–200 cm–1): ѵC=N 1,611 cm–1, ѵO-H 3,600 cm–1, ѵC-H 2,920 cm–1, ѵNi-N 535 cm–1, and ѵNi-Br 

235 cm–1. 
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Figure 2 Synthesis of the N1C2 complex. 

2.3 Synthesis of the C1 Complex 

The reaction scheme is shown in Figure 3. In a 100 mL Schlenk flask containing 30 mL of THF, 

0.114 g (0.12 mmol) of N1C2 was added. This solution was homogenized at room temperature for 

20 min. Then, it was transferred dropwise to another Schlenk flask containing a solution of 0.54 mL 

(0.24 mmol) of TiCl4 in 30 mL of THF. After stirring for 2 h at room temperature, the solution was 

filtered, and the resulting solid was washed three times with 10 mL of hexane and dried under a 

vacuum. The yield was 20%. Elemental Analysis CHN: % C Calc. (49.35) Found (49.99); % H Calc. (3.81) 

Found (3.70); % N Calc. (4.26) Found (4.20). UV-Vis (λmax, nm) in CHCl3: 328 and 381. FTIR (Nujol, 

4,000–200 cm–1): ѵC=N 1,580 cm–1, ѵC-H 2,885 cm –1, ѵNi-N 535 cm–1, ѵNi-Br 235 cm–1, ѵTi-N 490 

cm–1, ѵTi-O 350 cm–1, and ѵTi-Cl 310 cm–1. 
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Figure 3 Synthesis of the C1 complex. 

2.4 Computational Details 

All calculations were performed with JAGUAR 7.9 following an energy convergence criterion of 

1.00 × 10–8 Hartree [26]. Gas-phase geometry optimizations were performed without constraints 

using the B3LYP hybrid functional and the LACVP** basis set [27]. We evaluated the vibrational 

frequencies of each optimized geometry at the same level of calculation and verified whether they 

were real. The experimental and calculated frequencies showed excellent agreement. 

2.5 Ethylene Polymerization 

Ethylene polymerization was performed in duplicate (error up to 13% in yield) in a Büchi 280 

GlassUster BEP reactor using a 1,000 mL beaker coupled to a mechanical stirrer; the system was 

maintained at 650 rpm during polymerization. The pressure maintained was 0.4 MPa and the 

reactions were performed at 25, 50, and 70°C for 1 h. 

2.6 Polymer Characterization 

Differential scanning calorimetry (equipment Q1000, TA Instruments) was performed to 

determine the melting temperature™, the melting enthalpy (ΔHm), and the crystallinity index (CI) of 

the polymers obtained. The samples were heated from 20 to 180°C and held at 180°C for 5 min to 
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eliminate the thermal history; then, the samples were cooled and heated at the same rate. In the 

second heating phase, the Tm and ΔHm of the material were recorded. The crystallinity index (CI) was 

calculated using ΔHm
100 = 293 J/g. 

The unsaturation of the polymer was analyzed using a PerkinElmer Spectrum Version 10.4.2 FTIR 

spectrometer with attenuated total reflectance (ATR) accessory using film samples. The 

concentrations of end-groups vinyl, trans-vinylene, and vinylidene were determined from the 

absorptions at 910 cm–1, 965 cm–1, and 888 cm–1, respectively [28]. 

The 13C NMR spectra (Figure 4) were obtained with a Bruker DPX-200 spectrometer, operating at 

75 MHz. An 80 mg aliquot of each sample and 2 mL of o-trichloroethylene (TCE) were mixed in the 

NMR tubes (10 mm) and heated to 120°C for 8–12 h. The 13C NMR spectra were also obtained at 

120°C. In the polymer solutions, 1 mL of benzene-d6 was added to provide the internal lock signal. 

The chemical shifts were referenced internally to the major backbone methylene carbon resonance, 

taken as 30.00 ppm from Me4Si. Spectra were taken with a 90° flip angle, an acquisition time of 1.5 

s, and a delay of 10 s. 

 

Figure 4 The 13C NMR spectra (75 MHz, C2D2Cl4, 120°C) of the PEs produced by the 

mononuclear {Ni} catalyst N1C1, and the heterotrinuclear {Ti···Ni} catalyst C1 (Table 1), 

scaled to the PE CH2 backbone resonance at 30.00 ppm.
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Table 1 Data on ethylene polymerization for precatalysts N1C1 and C1. 

Sample 
Temp 

(°C) 

aPE 

(g) 

bActivity 

(g.mmol–

1) 

cAmount of 

vinyl (in 1000 C) 

Methyl branch 

(%) (in 1000 C) 

Other branches 

(%) (in 1000 C) 

eTm 

(°C) 

e∆H 

(J/g) 

CI 

(%) 

fMn 

(g.mol–

1) 

fMw 

(g.mol–1) 
fPDI 

PE-N1C1 25 1.5 2000 0.6 22 77 125 190 65 3367 59.500 17.7 

PEC1–25 25 0.9 740 0.6 25 60 127 206 70 2653 314.845 118.7 

PEC1–50 50 0.6 557 0.5 36 63 128 177 60 3147 461.081 146.5 

PEC1–70 70 0.6 483 1.1 53 45 129 127 43 6201 286.992 46.3 

Conditions: 0.02 mmol of catalyst; Al/Metals = 250 to N1C1 and 125 to C1 (Al/Me = 125 to each metal center); ethylene pressure = 4 atm; toluene = 

150 ml; each polymerization was performed in duplicate; ain units of (g of PE)·(mol of catalyst)–1·h–1·atm–1; bin units of (kg of PE)·(mol of 

catalyst)−1·h−1·atm−1; cdetermined by FTIR; ddetermined by 13C NMR analysis.19; emelting temperature, enthalpy, and crystallinity index (CI) e as 

determined by differential scanning calorimetry; fGPC vs. polystyrene standards. 
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The molecular weight and molecular weight dispersity of the polymer samples were determined 

by performing Gel Permeation Chromatography (GPC) with a PL-GPC 220 High-Temperature 

Chromatograph (Agilent, UK) equipped with a differential refractive index (RI) detector. The samples 

(4 mg) were dissolved in 2 mL of 1,2,4-trichlorobenzene (TCB) for at least 3 h with 0.025% butylated 

hydroxytoluene (BHT), which acted as a stabilizer to prevent sample decomposition/degradation. 

TCB with 0.0125% BHT was used as the mobile phase at a flow rate of 1 mL min–1. The 7.5 mm2 PLgel 

Olexis columns (Agilent Technologies, UK) were combined with 7.5 mm2 PLgel Olexis guard columns, 

into which each sample was injected. All HT-SEC experiments were performed at 150°C. The 

instrument was calibrated using narrowly distributed polystyrene standards (Agilent Technologies, 

UK). 

3. Results and Discussion 

3.1 Synthesis, Spectroscopy, and DFT Calculations 

All complexes reported in this study were obtained as analytically pure solids, confirmed by 

performing elemental analyses and FTIR spectroscopy. The FTIR spectrum of N1C1 showed a ν(C=N) 

+ ν(C=C) band at 1,586 cm–1, which was similar to that found in previous studies [29, 30]. Additionally, 

ν(N-H) bands were observed around 3,500 cm–1, and bands assigned to aromatic C-H vibrations 

appeared around 3,030 cm–1. 

As expected, the ν(N-H) bands were not found in the FTIR spectrum of N1C2. Moreover, a strong 

ν(C=N) + ν(C=C) band was found at 1,611 cm–1 and a broad ν(O-H) band centered at 3,600 cm–1. The 

low-frequency FTIR spectrum of N1C2 showed two medium-intensity bands located at 535 and 235 

cm–1, attributed to ν(Ni-N) and ν(Ni-Br), respectively [31]. 

In the FTIR spectra of C1, the coupled ν(C=N) + ν(C=C) band was located at 1,580 cm–1. This shift 

suggested the coordination of TiCl4 to the free iminic groups in C1. The other change was the 

disappearance of vibrations relating to the phenolic O-H group, indicating the coordination of this 

group to the titanium(IV) centers. The low-frequency FTIR spectrum of C1 exhibited the same 

absorptions attributed to ν(Ni-N) and ν(Ni-Br), i.e., 534 and 235 cm–1, respectively, besides the 

vibrations located at 490, 310, and 350 cm–1, attributed to ν(Ti-N), ν(Ti-O) and ν(Ti-Cl), respectively 

[31]. The main absorption bands and respective assignments of the three complexes are presented 

in Table 2. 

Table 2 The FTIR bands (cm–1) for N1C1, N1C2, and C1. 

Complex ν N-H 

(cm–1) 

ν C=N 

diimine 

(cm–1) 

ν C=N + ν 

C=C (cm–1) 

ν C=N 

phenoxy-

imine (cm–1) 

ν O-H 

phenol 

(cm–1) 

ν C-H 

aromatic 

(cm–1) 

ν C-H alkyl 

(cm–1) 

N1C1 3500 m Coupled 

to C=C 

1586 vs - - 3030 m - 

N1C2 - Coupled 

to C=C 

1586 vs 1611 vs 3600 s 3032 m 2720 w 

C1 - Coupled 

to C=C 

1580 vs Coupled to 

C=C 

- 3035 m 2718 w 

Weak (w); strong (s); very strong (vs); medium (m); stretching (ν). 
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The calculated structure of N1C1, N1C2, and C1 were examined by density functional theory at 

the B3LYP/LACVP** level. The optimized structure for N1C1 is shown in Figure 5. As expected, this 

complex could inhibit a square-planar nickel(II) center attached to two nitrogen atoms and two 

bromides. Besides, all bond lengths showed the expected values [32]. The structure showed a bite 

angle (N1-Ni-N2) of 82.3°, which was consistent with those found in other square-planar (α-

diimines)nickel(II) complexes.  

 

Figure 5 The structure of N1C1 was optimized at the B3LYP/LACVP** calculation level. 

The optimized structure for N1C2 was similar to that found in the results of our experiment 

(Figure 6). As expected, the coordination geometry of N1C2 was the same as that of its precursor, 

and their geometric parameters were very similar. 

 

Figure 6 The structure of N1C2 was optimized at the B3LYP/LACVP** calculation level. 

Two different isomers, i.e., syn and anti, were optimized for C1 (Figure 7). According to our 

calculations, anti-C1 was 7.4 kcal mol–1 and was more stable than the syn-C1. The anti-C1 conformer 

had five-coordinate titanium(IV) centers in a distorted trigonal bipyramidal coordination 

environment, with Addison’s geometry indices (τ5) [33] around 0.93. Moreover, all bond lengths 

were of the expected values [32]. Three polymerization centers were present in anti-C1. Its average 

Ti···Ni distance (8.76 Å) suggested that cooperativity/synergy between these reactive sites might be 

possible. 
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Figure 7 The structures for syn-C1 (top) and anti-C1 (bottom) were optimized at the 

B3LYP/LACVP** calculation level. 

3.2 Polymerization Reactions 

Ethylene polymerization reactions were conducted using C1/MAO as a catalytic system in 

toluene at a constant ethylene pressure (4 atm). Initially, we found that the N1C1/MAO system had 

the highest activity but produced polyethylene with a lower molecular weight and polydispersity 

index (PDI) (Table 1). The N1C1 catalyst contains NH2 groups, which can be metalized by aluminum 

alkyls under the conditions used. The electronic effect of these-NH2 or [Al](H)N-groups can be 

increased and can dramatically influence the performance of the respective catalyst. This explains 

the high PDI of this single-site catalyst (with PDI = 2), indicating that these groups increased the 

chain transfer reactions. 

The polydispersity index increased sharply for polyethylenes synthesized with the trinuclear 

catalyst than that synthesized with the mononuclear catalyst, as expected. Also, the melting 

temperature was slightly higher. The fact that Tm was higher in the polymer produced with C1 

catalyst at 70°C while the degree of crystallinity was the lowest indicated that two different fractions 

of polyethylene were produced, one with few branches and the other with many branches. 

Surprisingly, the C1 catalyst with two phenoxy-imine ligands polymerized ethylene with 

moderate activities. At the beginning of polymerization, rapid formation of the bulk polymer was 
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observed. The reaction might have been limited by monomer diffusion due to the presence of 

insoluble polymers, especially for PEC1–70 [34]. 

Similar activities at different temperatures using C1 were considerably different from the activity 

using N1C1, which suggested a synergistic effect in the presence of three metal centers. In some 

cases, multinuclear catalysts exhibit lower activities than their mononuclear counterparts, probably 

reflecting steric and electronic constraints [35]. 

3.3 Gel Permeation Chromatography (GPC) 

The polymers produced using the N1C1 mononuclear precatalyst had lower molecular weights 

(Mw) than those synthesized using C1. This was probably because of the higher frequency of chain 

transfer reactions to-NH2 groups and the lower steric hindrance of the aniline moiety in N1C1. 

Nickel(II) diimine complexes that lack bulky substituents generally favor chain transfer by β-H 

elimination (chain transfer process by chain walking mechanism) concerning chain propagation [36, 

37].  

The polymerization temperature influenced the activity, molecular weight, and polymer 

architecture when a heterotrinuclear catalyst was used. Polymerization reactions were performed 

at 25, 50, and 70°C. 

While the activity decreased with an increase in the polymerization temperature, the molecular 

weight (Mw) was the highest at 50°C. For the three conditions, the concentration of polyethylene 

with vinyl-end groups increased with an increase in the reaction temperature due to an increase in 

the rate of the β-H elimination reactions [38]. The polydispersity increased significantly at 25 and 

50°C, indicating that this polymer fraction increases within this temperature range. 

The representative molecular weight distributions for the polymers that presented different 

molecular weights and polydispersities are shown in Figure 8. The molecular weight distribution was 

considerably wider for the polymers produced by the heterotrinuclear catalyst, which indicated the 

presence of polymer blends with different molecular weights. 

 

Figure 8 GPC of polyethylenes derived from N1C1 (mononuclear catalyst) (black line) 

and C1 (heteronuclear catalyst). 
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3.4 Unsaturation and Branching Contents 

The vinyl index was the ratio between the integrated absorption band of the vinyl groups and 

that of the CH2 group (1,470 cm–1) [39]. The results of the FTIR analysis of the vinyl end-groups 

(Figure 9) showed that the unsaturation was consistent with β-H elimination and double bond 

migration [29]. Therefore, many short-chain branches were produced at Ni sites via β-H elimination. 

These chains were then efficiently reinserted intramolecularly through Ti sites, resulting in long 

chains of highly branched polymers. The cooperative effects involving the elimination of 

macromonomers and intramolecular reinsertion in different sites enabled heterotrinuclear catalysis. 

 

Figure 9 The FTIR spectra of the resulting PE using N1C1 and C1. 

From the 13C NMR spectra, the integrated peaks of polyethylenes [40] showed that N1C1 and C1 

enchained methyl, ethyl, propyl, and butyl branches/1,000 C atoms in different concentrations. A 

high percentage of short-chain branches suggested the contribution of Ni catalytic centers according 

to the different conditions of polymerization.  

In many cases, obtaining the desired multimodal polymers by mixing individual mononuclear 

catalysts was not possible. The heterotrinuclear catalyst {Ti2Ni} evaluated here might be a useful 

catalyst precursor for synthesizing such materials, as it can copolymerize ethylene with higher α-

olefins produced in situ. Therefore, the Ni species preferably produced α-olefins with shorter chains 

at room temperature, where the percentage of higher oligomers in the reaction solution was low. 

The insertion of short chains of α-olefins was favored by the synergic effect between Ti···Ni sites, 

resulting in copolymerization through only one monomer. 

Scheme 1 shows a predicted propagation mechanism, β-H elimination, and branching produced 

at the Ni sites. Depending on the temperature, the termination of chain growth occurs via β-H 

elimination, chain transfer to the monomer, or chain transfer to the cocatalyst. Additionally, 
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branching might occur due to the reinsertion of vinyl end-groups (macromonomers) by the chain 

walking mechanism, allowing the growing center to migrate along the polymer chain [41]. If β-H 

elimination is the dominant chain-transfer pathway, chain transfer to monomers or cocatalysts is 

negligible [42]. 

According to Scheme 1, branching increases due to the recapture of the vinyl-end groups of the 

polymer at the neighboring Ti sites after chain transfer from the Ni sites. This process facilitates 

intramolecular reinsertion into the growing polymer chain. Moreover, it implies bimodal 

polydispersity. 

 

Scheme 1 The steps proposed for the heterotrinuclear cooperation between Ti···Ni sites 

to produce polyethylenes with the insertion of comonomers in situ. 

4. Conclusions 

The properties related to the synthesis, characterization, and polymerization of the mononuclear 

N1C1 and heterotrinuclear C1 precatalysts were investigated. A heterotrinuclear catalyst was 

synthesized using early and late transition metals to enhance the catalytic efficiency. The properties 

of the polymers imparted by different metal centers were incorporated into the same polymer 

product. The structures were studied by DFT calculations at the B3LYP/LACVP** level. According to 

our calculations, the titanium(IV) centers were in a slightly distorted trigonal bipyramidal 

environment, and the average Ti···Ni distance was 8.76 Å. 
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This catalyst produced methyl, ethyl, propyl, and butyl branched polyethylenes in different 

proportions according to the applied temperature from an ethylene monomer, which was used as 

the only feedstock. The heterotrinuclear C1 precatalyst had a higher molecular weight and used a 

lower concentration of MAO than the mononuclear N1C1 precatalyst. However, it had lower activity, 

probably due to steric and electronic effects. The development of a new catalyst implied 

opportunities to synthesize novel catalysts and polymers with unique microstructures. These might 

have new applications because of the ability of the Ti sites to copolymerize short-chain α-olefins 

produced by the Ni sites through in situ copolymerizations, which might be used for producing 

copolymers using ethylene as the only monomer. 
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