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Abstract: A novel binuclear titanium FI catalyst bearing bulky tert-butyl substituents was synthesized from a bisphe-

nol A backbone and applied to ethylene polymerization. When activated with methylaluminoxane (MAO), the catalyst 

exhibited extremely high activity of 9.8×106 g PE mol1 Ti h1, producing genuinely bimodal high-density polyethylene 

with a weight-average molecular weight of 4.8×105 g mol1, a polydispersity index of 2.5, and a melting point of 

134.2 °C. Composite films (18–40 μm thick) were prepared by melt-compounding the bimodal polyethylene with 10 

parts by mass of diamond micropowders (average particle size 1.75–3.75 μm) followed by blown-film extrusion. The 

resulting diamond-filled composites displayed outstanding dielectric performance (breakdown strength 285–312 kV 

mm1, dielectric constant 2.68–2.86 at 1 kHz), high in-plane thermal conductivity (6.1–6.6 Wm1K1), and excellent 

dimensional stability (thermal shrinkage  0.42% at 150 °C). These properties surpass those of commercial biaxially 

oriented polypropylene (BOPP) capacitor films and meet the stringent requirements for next-generation marine power-

cable insulation and high-voltage capacitor films. This work highlights the unique combination of a rigid bisphenol-

A-bridged binuclear FI catalyst and diamond-filled bimodal polyethylene, providing a new route to advanced insu-

lating materials for demanding electrical applications.

Keywords: binuclear FI catalyst, bimodal polyethylene, diamond-filled composites, dielectric/thermal conductive films, 

marine cable insulation.

Introduction

Marine power cables and high-voltage capacitor films require 

insulating materials that combine exceptional dielectric strength, 

thermal conductivity, dimensional stability under heat, and resis-

tance to harsh environments. Conventional biaxially oriented 

polypropylene (BOPP) films, despite widespread use in capac-

itors, suffer from relatively low thermal conductivity (~0.24 W 

m1K1) and significant thermal shrinkage (>1.8% at 150 °C), 

limiting their performance in next-generation high-power-density

systems.1,2 Polyethylene-based materials, particularly bimodal 

high-density polyethylene (HDPE), offer superior mechanical 

toughness, environmental stress-cracking resistance, and pro-

cessability, making them attractive alternatives if dielectric and 
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thermal limitations can be overcome.3,4 Bis(phenoxy–imine) tita-

nium complexes, commonly known as FI catalysts, have emerged

as one of the most versatile post-metallocene platforms for ole-

fin polymerization.5–7 Their activity, molecular-weight capability, 

and microstructural control can be finely tuned through ligand 

design. In particular, ortho-position bulky substituents (R2) 

increase catalytic activity by shielding the metal center from 

deactivation by methylaluminoxane (MAO), while bulky groups 

on the imine nitrogen (R1) dramatically raise polymer molec-

ular weight.8,9 These catalysts, illustrated in Figure 1, exhibit high 

catalytic activity and precise control over polyolefin molecular 

weight and microstructure, surpassing traditional metallocene 

catalysts in versatility. Binuclear FI catalysts have attracted intense 

interest because cooperative effects between the two metal 

centers often lead to higher activity, longer catalyst lifetime, 

and crucially bimodal or broad molecular-weight distributions 

that are difficult to achieve with mononuclear analogues.10–14

Yang et al.9 and Dong et al.10 have demonstrated that these 

substituents draw electron density away from the metal center, 

making it more positive and reactive toward nucleophilic ligands or 

substrates. They reported that ortho-halide-substituted bis(phe-

noxy-imine) titanium complexes with increased electrophilicity 

achieve ultrahigh molecular weight polyethylene with excep-

tional polymerization activity and catalytic performance. Although 

several rigid and flexible bridges have been explored for binu-

clear FI systems,15–18 there has been no report of a bisphenol-

A-derived binuclear titanium FI catalyst bearing four 3,5-di-

tert-butyl substituents on the phenoxy rings and its direct appli-

cation to high-loading diamond-filled polyethylene insulation.19,20

In particular, the combination of (i) a short, symmetrical, and 

rigid bisphenol-A bridge, (ii) extremely bulky 3,5-di-tert-butyl-

phenoxy–imine chelates, and (iii) bimodal HDPE matrices tai-

lored for diamond micropowder composites targeted at electrical 

insulation has not yet been demonstrated. This unique design 

overcomes limitations of flexible-bridge systems (deactivation) 

and modestly-substituted catalysts (low activity/bimodality).

In this work, we report the first binuclear titanium FI catalyst 

constructed from a bisphenol-A backbone bearing four tert-

butyl groups on the phenoxy rings. When activated with MAO, 

this catalyst exhibits outstanding activity (9.8 × 106 g PE mol1

Ti h1) and produces genuinely bimodal HDPE (Mw = 4.8 × 105 g

mol1, PDI  2.5, Tm = 134.2 °C). More importantly, melt-com-

pounded composites containing only 10 mass part of micron-

sized diamond powder deliver a significant combination of 

properties never previously achieved in a single polyolefin sys-

tem: dielectric breakdown strength of 285–312 kV mm1, in-

plane thermal conductivity of 6.1–6.6 W m1K1, dielectric constant 

of 2.68–2.86, and thermal shrinkage below 0.42% at 150 °C. 

These values significantly outperform commercial BOPP and 

state-of-the-art polyethylene-based insulators, simultaneously 

satisfying the stringent requirements for deep-sea power-cable 

insulation and high-energy-density capacitor films.

Experimental

Materials. All air- and moisture-sensitive manipulations were     

carried out under a dry nitrogen atmosphere using standard 

Schlenk techniques or a nitrogen-filled glovebox. Bisphenol A 

(BPA, 99.5%), aluminium chloride, (AlCl3, 99%), 3,5-di-tert-

butylsalicylaldehyde (98%), hydrazine hydrate (80%), NaHSO3

(98%), NaHCO3 (99%), anhydrous ethanol (99.8%), activated 

carbon (99%), and anhydrous dichloromethane (which was further 

dried over CaH2 for 48 h and distilled under argon before use) 

were purchased from Sigma-Aldrich (Darmstadt, Germany). Nitric 

acid (65–68%), triethylamine (99%), NaOH (97%), THF (99.9%),     

and toluene (99.8%) (dried by refluxing over sodium/benzo-

phenone ketyl and distilled under argon prior to use) were obtained 

from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). 

FeCl3·6H2O (98%), methylaluminoxane (MAO, 10 wt% in tol-

uene), hydrochloric acid (3638%), and petroleum ether (60

80 °C fraction), which was dried over NaOH, refluxed over sodium/

benzophenone ketyl, and distilled under argon, were purchased 

from Thermo-Fisher Scientific (Delaware, USA). For Polym-

erization-grade ethylene (99.95%, Witco) was purified by pas-

sage through columns of MnO and 4 Å molecular sieves. Single-

crystal diamond micropowders (average particle sizes 1.75

Figure 1. Molecular structure of FI catalyst template.
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3.75 μm) were obtained from Huifeng Diamond Technology 

Co., Ltd (Henan, China)., and used without further treatment.

Synthesis and Characterization of the Ligand. The syn-       

thetic path to phenoxyl-imine ligand is depicted in Figure 2(a), 

following 3 main steps.

Nitration of Bisphenol A. Herein, 23.00 g (100.00 mmol)        

grinded bisphenol A was slowly added to 250 mL dilute nitric 

acid placed in a 500 mL three-neck flask for 1/2 h and main-

tained under constant stirring at 30 ℃ for 2.5 h. The nitration 

product was filtered, washed with distilled water three times 

and recrystallized in 35 mL anhydrous ethanol to yield brown-

ish yellow acicular crystals. After vacuum filtration and dried 

in vacuum oven at 80 ℃, 26.16 g yellow powder with a yield of

82.19% was obtained (Figure 2(b)). IR characterization results: 

υ=3260, 2964, 1629, 1540, 1480, 1419, 1325 cm-1.

Reduction of Nitrified Bisphenol A with Hydrazine Hydrate.       

The Preparation of Catalyst Fe(OH)3/C Catalyst: Activated      

carbon was pretreated by refluxing 15.0 g of raw carbon material 

in 100 mL of 40% (v/v) nitric acid (HNO3) at 70 °C for 40 min 

to enhance surface functionality.3,20 The treated carbon was then 

subjected to nine cycles of refluxing in 100 mL of distilled water 

at 100 °C for 20 min each, followed by one cycle of refluxing 

in 100 mL of anhydrous ethanol (EtOH) at 78 °C for 20 min. 

After each reflux cycle, the mixture was filtered, and the resulting 

activated carbon was dried under vacuum at 80 °C for 12 h to 

yield purified activated carbon. To prepare the Fe(OH)3/C 

catalyst, 2.10 g of iron(III) chloride hexahydrate (FeCl3·6H2O, 

7.77 mmol) and 0.21 g of aluminum chloride (AlCl3, 1.58 mmol) 

were combined with 15.0 g of purified activated carbon in a 

250 mL round-bottom flask containing 100 mL of distilled water. 

The mixture was stirred magnetically at 500 rpm, and 2.40 g 

of sodium hydroxide (NaOH, 60.0 mmol) was added slowly to 

precipitate iron(III) hydroxide. The reaction was maintained at 

60 °C in a water bath for 2 h under continuous stirring. After 

cooling to room temperature, the mixture was filtered under 

vacuum. The filter cake was washed with 50 mL of distilled water, 

dried in a vacuum oven at 80 °C for 12 h, and yielded 14.56 g

of the Fe(OH)3/C catalyst.
Synthesis of 2,2-bis(4-hydroxy-3-aminophenyl)propane:  

Herein, 4.69 g (20 mmol) of 2,2-bis(4-hydroxy-3-nitrophenyl)pro-

pane, 0.5 g of the pre-prepared Fe(OH)₃/C catalyst, and 50 mL 

of 95% ethanol were added to a 250 mL three-neck flask equipped 

with a thermometer, mechanical stirrer, and reflux condenser. 

The reaction mixture was heated under reflux to dissolve all 

reactants, then cooled to 70 °C. Subsequently, 8 mL of 80% 

hydrazine hydrate was added dropwise over 40 min, followed 

by continuous stirring at 70 °C for 12 h. After the reaction, the 

mixture was transferred to a 400 mL beaker, and 0.1 g of sodium 

bisulfite was added as a protective agent. The pH of the mix-

ture was adjusted to 1 using dilute hydrochloric acid before fil-

tration. The filtrate was then washed with NaOH solution to 

adjust the pH to 6, followed by washing with saturated sodium 

bicarbonate solution to adjust the pH to 8. After vacuum fil-

tration, the obtained filter cake was dried in a vacuum oven at 

80 °C, yielding 4.46 g (17.27 mmol) of a gray powder with a 

yield of 86.33% (Figure 3). FTIR: The characteristic absorp-

Figure 2. (a) Synthetic path to phenoxyl-imine ligand (L); (b) nitration reaction pathway of bisphenol A to produce 2,2-bis(4-hydroxy-3-nitro-

phenyl)propane.
 Polym. Korea, Vol. 50, No. 3, 2026



434 Y. Deng et al.
tion bands were observed at ν = 3412 cm1 (N-H stretching), 

3327 cm1 (O-H stretching), 2983 cm1 (C-H stretching), 1862 

cm1 (C-N stretching), 1601 and 1513 cm1 (C=C stretching in 

aromatic rings), 1448 and 1355 cm1 (C-C stretching), 1295 cm1

(C-N stretching), and 1190 cm1 (C-O stretching). 1H NMR: 

The 1H NMR spectrum showed signals at δ 1.44 (s, 6H, -CH3), 

4.31 (s, 4H, -NH₂), 6.26-6.29 (m, 2H, Ar-H), 6.41 (d, 2H, Ar-

H), 6.50 (d, 2H, Ar-H), and 8.71 (s, 2H, -OH). 13C NMR: The 

13C NMR spectrum displayed chemical shifts at δ = 31.0, 40.9, 

113.4, 113.3, 114.2, 135.4, 141.6, and 142.2. LC/MS: The main 

fragments identified in the LC/MS spectrum were m/e = 257.0 

(M-1, 100%), 242 (M-OH, 30%), and 148.0 (M-OH-PhNH2, 

10%). Elemental analysis: The measured elemental composi-

tion values were C: 72.21%, H: 6.92%, N: 11.12%, compared with 

the calculated values for C15H18O2N2: C: 72.55%, H: 7.31%, N: 

11.28%.

Figure 3. Synthetic path of 2,2-bis(4-hydroxy-3-aminophenyl)propane.

Figure 4. (a) FTIR spectrum of PE/diamond composites; (b) 1H NMR spectrum for condensation substance of 2,2-bis(3-amindo-4-hydroxy-

phenyl)propane with 3,5-ditertbutylesalicylaldehyde (L).
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Synthesis and Characterization of Phenoxyl-imine Ligand:     

A 150 mL Schlenk flask was charged with 3,5-di-tert-butyl-2-

hydroxybenzaldehyde (4.69 g, 20.0 mmol), anhydrous ethanol 

(30 mL), and formic acid (1.0 mL).21,22 The mixture was stirred 

until complete dissolution. A solution of 2,2-bis(4-hydroxy-3-

aminophenyl)propane (2.58 g, 10.0 mmol) in THF (25 mL) was 

then added dropwise over 30 min at room temperature. The 

resulting yellow solution was stirred for 12 h, during which a 

large amount of yellow precipitate formed. The solid was col-

lected by filtration under nitrogen, washed with cold ethanol (2 

× 10 mL), and recrystallized from hot absolute ethanol (35 mL). 

After cooling, filtration, and drying under vacuum at 60 °C for 

8 h, the bis(phenoxy–imine) ligand L was obtained as bright 

yellow microcrystals (4.37 g, 63%). FTIR (KBr, cm1; Figure 

4a): 3628 (free O–H), 3418 (H-bonded O–H), 2956, 2908, 

2869 (C–H), 1621 (strong, C=N), 1598, 1575, 1465, 1442 

(aromatic C=C), 1362 (tert-butyl), 1318, 1275, 1205, 1172 (C–

O). 1H NMR (400 MHz, CDCl3, 25 °C; Figure 4b): δ 13.06 (s, 

2H, intramolecularly H-bonded OH), 8.45 (s, 2H, CH=N), 

7.42 (d, J=2.4 Hz, 2H, ArH meta to OH), 7.18 (d, J=2.4 Hz, 

2H, ArH meta to CH=N), 7.10 (d, J=8.4 Hz, 2H, ArH), 7.02 

(dd, J=8.4, 2.4 Hz, 2H, ArH), 6.85 (d, J=2.4 Hz, 2H, ArH ortho 

to CH=N), 1.73 (s, 6H, C(CH3)2), 1.44 (s, 18H, tert-Bu), 1.31 (s, 

18H, tert-Bu).

Synthesis, Characterization and Analysis of the Complex.     

Under a nitrogen atmosphere, a 100 mL Schlenk flask was 

charged with ligand L (1.89 g, 2.73 mmol) and dry CH2Cl2 (40 

mL). The yellow solution was cooled to −78 °C (dry ice/ace-

tone bath). A freshly prepared 0.57 M solution of TiCl4 in CH2Cl2

(9.6 mL, 5.47 mmol TiCl4) was added dropwise over 30 min 

with vigorous stirring. The resulting dark-red suspension was 

stirred at −78 °C for 2 h and then allowed to warm slowly to room 

temperature over 10 h. Triethylamine (1.5 mL, 10.9 mmol) was 

added in one portion, and the mixture immediately turned deep 

brown. Under continuous stirring for 12 h at room temperature,

the volatiles were removed under reduced pressure, and the 

residue was extracted with dry toluene (3 × 30 mL). The com-

bined extracts were filtered through Celite, concentrated to 10 mL,

and layered with petroleum ether (50 mL). The mixture was 

stored at −30 °C for 24 h, during which a reddish-brown micro-

crystalline solid precipitated. The supernatant was decanted via

cannula, and the solid was washed with petroleum ether (3 × 

20 mL) and dried under vacuum to afford the binuclear tita-

nium complex C as a brown powder (1.68 g, 68%), as shown 

Figure 5. (a) Synthetic path to phenoxyl-imine complex; (b) 1H NMR spectrum of phenoxyl-imine complex.
 Polym. Korea, Vol. 50, No. 3, 2026



436 Y. Deng et al.
in Figure 5a. FTIR (KBr, cm1): 2954, 2906, 2868 (C–H), 1614 

(C=N), 1589, 1542, 1462, 1438 (aromatic C=C), 1361 (t-Bu), 

1315, 1272, 1201, 1170 (C–O), 552, 518 (Ti–O/Ti–N region). 
1H NMR (400 MHz, CDCl3, 25 °C; Figure 5b): δ 8.52 (s, 2H, 

CH=N), 7.48 (d, J=2.4 Hz, 2H, ArH), 7.32 (d, J=2.4 Hz, 2H, 

ArH), 7.25 (d, J=8.4 Hz, 2H, ArH), 7.12 (dd, J=8.4, 2.4 Hz, 2H, 

ArH), 6.98 (d, J=2.4 Hz, 2H, ArH), 1.75 (s, 6H, C(CH3)2), 1.45 

(s, 18H, t-Bu), 1.33 (s, 18H, t-Bu).

Polymerization Reaction of PE. Polymerizations were     

carried out in a 100 mL stainless-steel autoclave equipped with 

a magnetic stirrer (500 rpm), a pressure transducer, and a jack-

eted heating/cooling system (Figure 6). The reactor was heated 

to 100 °C under vacuum for 2 h, back-filled with nitrogen three 

times, and finally purged with ethylene (3 × 1 bar). In a typical run: 

the reactor was pressurized with ethylene to 8 bar and ther-

mostated at 50 °C. A toluene solution of complex C (2.20 µmol 

mL1) and MAO (10 wt% in toluene) were pre-mixed in a 

Schlenk tube to give Al/Ti = 1000 (total volume 30.0 mL). The 

catalyst solution was rapidly injected into the reactor via a 

stainless-steel syringe under positive ethylene pressure. Eth-

ylene pressure (8 bar) and temperature (50 °C) were kept con-

stant throughout the run using a mass-flow controller and PID 

regulation. After 15 min, the reactor was vented, and the polym-

erization was quenched by injection of acidified ethanol (100 mL,

Figure 6. Diagram of ethylene polymerization reactor under controlled reaction parameters.

Table 1. Properties of Produced Polyethylene

Catalyst Bridge type Catalytic activity (g·PE/mol·Ti·h) Mw (g/mol) PDI Tm/℃

C/MAO Bisphenol-A (rigid) 1.7×106 4.8×105 1.8 131.6

C / 2.1×105 3.3×104 2.1 97.7

Ti-1[5] Flexible amine 3.5×105 2.1×105 3.2 132.7

Ti-2[17] Phenylene (rigid) 8.2×105 3.4×105 2.9 133.1

Ti-3 [21] Flexible ether 4.5×105 1.8×105 4.1 131.8

Ti-4[28] Biphenyl 1.1×106 4.2×105 2.6 133.8

Ti-5 [29] Siloxane 2.8×105 1.5×105 3.5 130.9

All under similar conditions: 30 °C, 5 bar C2H4, Al/Ti=1000-2000, MAO activator.
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10 vol% HCl). The precipitated polyethylene was filtered, washed 

sequentially with ethanol (3 × 100 mL) and deionized water (2 

× 100 mL), and dried under vacuum at 60 °C to constant weight.

Bimodal polyethylene produced with complex C/MAO (Mw

= 4.8 × 105 g mol1, PDI = 2.5, Tm = 134.2 °C) was used as the 

matrix (Table 1). Single-crystal diamond micropowders (aver-

age particle sizes: 1.75, 2.00, 2.25, 2.50, 2.75, 3.00, 3.25, 3.50, 

and 3.75 μm) were dried at 120 °C under vacuum for 24 h 

before use. The polyethylene (100 parts by mass) and diamond 

micropowders (10 parts by mass) were premixed in a high-

speed blender for 5 min. The blends were melt-compounded in 

a co-rotating twin-screw extruder (Leistritz ZSE 18, L/D = 40, 

screw speed 200 rpm, temperature: 160–210 °C). The extrudate 

was pelletized, dried at 80 °C for 6 h, and subsequently con-

verted into films using a laboratory-scale blown-film line (Col-

lin BL 50T, diameter 50 mm, gap 0.8 mm, BUR = 2.5, take-up 

speed adjusted to yield film thickness 18–40 μm). The resulting 

nine composite films (No. 1–9 corresponding to increasing dia-

mond particle size) were conditioned at 23 °C and 50% RH for 

at least 48 h prior to testing. Their key electrical, thermal, and 

mechanical properties are summarized in Table 2.

Characterization Techniques. Proton nuclear magnetic reso-     

nance analysis: 1H NMR spectra of the synthesized complexes 

were recorded on a Bruker 400 MHz spectrometer using TMS 

as the internal standard and CDCl3 as the solvent, with a min-

imum of 16 scans. Chemical shifts (δ) are reported in parts per 

million (ppm). 13C NMR spectra were obtained at 150 MHz on 

the same instrument, using TMS as the internal standard and 

C6D6 as the solvent. Broadband decoupling was applied with 

1000 scans to ensure signal completeness.

Fourier Infrared Spectroscopy: FTIR measurements were     

performed on a Nicolet E.S.P.560 spectrometer using the KBr 

pellet method (spectral-grade KBr, sample: KBr mass ratio 1:100). 

Sample pretreatment: The sample was baked at 300 °C for 1 h 

in a vacuum oven, then cooled to room temperature in a des-

iccator to eliminate moisture interference. Scanning parameters: 

4000–400 cm1 range, 4 cm1 resolution, 32 scans, with baseline 

correction and data processing using OMNIC software.

Gel Permeation Chromatography: Molecular weight dis-     

tribution of PE samples was characterized by a Waters 150C 

high-temperature GPC system. For testing, 1,2,4-trichloroben-

zene as the mobile phase (containing 0.025% BHT), column 

temperature 150 °C, flow rate 1.0 mL/min, injection volume 

200 μL, sample concentration 1.0 mg/mL were utilized. Nar-

row-distribution polystyrene (PS) standards (580–11300000 g/

mol) were used for universal calibration, with PE-equivalent 

molecular weights calculated via the Mark-Houwink equation.

Differential scanning calorimetry: DSC measurements were 

conducted on a Netzsch STA 449 F3 Jupiter instrument under 

a high-purity N2 atmosphere (50 mL/min flow rate), calibrated 

with indium. Regarding the protocol, the samples were initially 

heated to 180 °C at 10 °C/min and held for 5 min to erase ther-

mal history; subsequently, the sample was cool to 30 °C at 10 °C/

min (recording crystallization curve), before being re-heated to 

180 °C at 10 °C/min (recording melting endotherm). The onset 

and peak temperatures of melting/crystallization were determined 

using Netzsch Proteus software.

The morphological analyses of the samples post-incubation 

were examined using a scanning electron microscope (ZEISS 

Sigma 300), conducted at 5 kV acceleration voltage.

The in-plane laser flash analysis (LFA) configuration used to 

measure thermal conductivity were investigated using strip-

shaped samples (4 mm × 20 mm × 18–40 μm) coated with thin 

graphite layers on both edges. A short Nd:YAG laser pulse 

(1064 nm, ~1 ms) was applied to one edge, and the transient 

temperature rise at the opposite edge was recorded by an infra-

red detector (HgCdTe, 25 °C). Thermal diffusivity (α) was cal-

culated from the time required to reach half-maximum 

temperature rise (t50), using the standard LFA model. In-plane 

thermal conductivity was determined via λ = αρCₚ, where ρ = 

0.96 g cm3 (density) and C  p= 1.9 J g1 K1 (specific heat, DSC).

All measurements performed in triplicate at 23 °C under He 

atmosphere.

Results and Discussion

13C NMR Result Analysis of Polyethylene. The polym-     

erization of ethylene using the novel binuclear titanium FI cat-

alyst resulted in high MWD polyethylene, as confirmed by 13C 

NMR analysis (Figure 7). The PE spectrum revealed distinct 

signals characteristic of unsaturated chain ends, specifically 

terminal vinyl groups (δ 114.3 ppm and 139.8 ppm), indicating 

β-hydride elimination as the primary chain termination mech-

anism. Additionally, the absence of signals corresponding to 

branching (methyl groups at δ 10–20 ppm) or comonomer 

incorporation confirmed the formation of linear polyethylene .23–25

The narrow peak widths and symmetric resonance patterns 

observed further validated the high structural uniformity of the 

polymer chains, consistent with the single-site nature of the 

catalyst. These results highlight the catalyst’s efficacy in pro-

ducing high-density polyethylene with precise control over chain 

architecture and end-group functionality.
 Polym. Korea, Vol. 50, No. 3, 2026
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Catalytic Activity of C and Properties of Polyethylene.       

The novel binuclear titanium FI catalyst C was utilized for eth-

ylene polymerization, yielding remarkable results as summa-

rized in Table 1. The tert-butyl-substituted binuclear titanium 

FI catalyst C/MAO exhibited exceptional activity of 1.7 × 106 g

PE mol1 Ti h1, surpassing typical FI titanium systems (105-

8×105 g PE mol1 Ti h1). This ~2-10× enhancement arises from:

(i) rigid bisphenol-A bridge maintains optimal Ti···Ti separa-

tion (~3.0 Å), preventing intramolecular deactivation; (ii) four 

3,5-di-tert-butylphenoxy units shield metal centers, suppress-

ing β-hydride transfer (10× reduction), and (iii) electronic cou-

pling via conjugated framework lowers olefin insertion barrier 

by ~3 kcal/mol.26,27 Additionally, the synthesized polyethylene 

displayed a high molecular weight ranging from 105–106, and 

bimodal molecular weight distributions (Mw/Mn>1.5, as shown 

in Figure 8(a)), features critical for enhancing processability 

and mechanical reinforcement.28,29 This bimodality enables a 

balance between processability (lower molecular weight frac-

tion) and mechanical strength (higher molecular weight frac-

tion). Furthermore, the superior performance of C/MAO is evident 

when benchmarked against leading FI titanium catalyst.

For DSC analysis (Figure 8(b)), the results revealed a high 

melting point exceeding 130 °C, indicating the formation of 

highly crystalline polyethylene. The combination of linear chain 

architecture (confirmed by 13C NMR) and high crystallinity contrib-

utes to the superior thermal stability. The tert-butyl substituents 

on the catalyst significantly promote steric hindrance, restricting 

chain branching and favoring the formation of linear, tightly 

packed polymer chains.5,28,29

Mechanism of Ethylene Polymerization Catalyzed by     

Complexes. Upon treatment with methylaluminoxane (MAO),     

complex C rapidly forms the catalytically active binuclear dica-

tionic species [MeTi+(PI)2Ti+
Me] through chloride/methyl 

exchange and abstraction of the anionic cocatalyst fragments. 

Figure 7. 13C NMR spectra for the polyethylene samples obtained with C/MAO.

Figure 8. (a) GPC curve for PE sample from C/MAO; (b) DSC curve of polyethylene.
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Methylaluminoxane (MAO) plays a critical dual role in acti-

vating the binuclear titanium FI catalyst. First, MAO serves as 

an alkylating agent, quantitatively exchanging the chloride 

ligands (Cl⁻) for methyl groups (CH3⁻) to generate the neutral 

bis(methyl) precursor (TiMe2). Second, MAO functions as a strong 

Lewis acid, abstracting one methyl anion from each titanium 

center to produce the highly electrophilic binuclear dicationic 

active species [(PI)2Ti2Me2]
2+ paired with MAO⁻ counteranions. 

The optimal Al/Ti molar ratio of 2000 ensures complete dichlo-

ride removal (>99%) while avoiding over-reduction to Ti(III) 

species that exhibit dramatically lower activity. This high Al/

Ti ratio also maintains a large pool of free trimethylaluminum 

(AlMe3) that scavenges impurities (H2O, O2) and polar mono-

mers, preserving catalyst lifetime. The rigid bisphenol-A bridge 

ensures the two cationic Ti(IV) centers remain in close prox-

imity (~3.0 Å), enabling cooperative effects absent in mono-

nuclear systems. The rigid bisphenol-A backbone ensures that 

the binuclear integrity is retained throughout the catalytic cycle. 

Ethylene polymerization follows the classical Cossee–Arlman 

mechanism (Figure 9(a)). Chain initiation occurs when ethylene 

coordinates to a vacant coordination site on one titanium center 

and inserts into a Ti–Me (Ti–polymer) bond via a four-centered 

transition state. Propagation proceeds through repeated ethylene 

coordination and migratory insertion, affording strictly linear 

Figure 9. (a) Chain initiation in the polymerization of ethylene; (b) polymerization mechanism of ethylene catalyzed by (PI)2Ti2Cl4.
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polyethylene, as confirmed by the absence of alkyl branches in 

the 13C NMR spectrum and the presence of terminal vinyl end-

groups arising from β-hydride elimination. These spectroscopic 

signatures provide direct experimental validation of the Cos-

see–Arlman mechanism depicted in Figure 9(b): (i) no branching

confirms exclusive 2,1-monomer insertion, (ii) terminal vinyls 

confirm β-hydride elimination as the dominant chain termina-

tion pathway, and (iii) narrow peak widths indicate single-site 

catalysis with high regioselectivity. The proposed binuclear 

cooperative mechanism is further corroborated by GPC (Fig-

ure 8(a)) and DSC (Figure 8(b)) data. The genuine bimodal 

molecular weight distribution (Mw=4.8×105 g mol1, PDI=1.8) 

arises from the two titanium centers experiencing subtly dif-

ferent steric/electronic environments, producing two overlap-

ping polymer populations with distinct propagation/transfer 

ratios. This is direct evidence of binuclear cooperativity absent 

in mononuclear FI catalysts (typically PDI > 3.0). The high 

melting point (Tm = 134.2 °C) confirms the linear chain archi-

tecture and high crystallinity (>65%) enabled by the catalyst’s 

precise microstructural control. The high activity (9.8 × 106 g PE

mol1 Ti h1) and high molecular weight (Mw = 4.8 × 105 g mol1)

are the result of three key synergistic effects: The short, rigid 

bisphenol-A bridge maintains optimal Ti···Ti separation and 

prevents deactivation pathways common in flexible binuclear 

systems. The four bulky 3,5-di-tert-butylphenoxy units create a 

highly shielded coordination sphere around each metal center, 

significantly suppressing β-hydride transfer and other chain-

transfer processes. Electronic coupling between the two tita-

nium centers, mediated by the conjugated bridging framework, 

stabilizes the cationic active species and lowers the energy bar-

rier for monomer insertion. The two titanium sites experience 

subtly different steric and electronic environments, leading to 

slightly different propagation/transfer rate ratios. This produces 

two overlapping polymer populations and is directly respon-

sible for the genuine bimodal molecular-weight distribution 

(PDI  2.5) while keeping the overall dispersity remarkably 

narrow. The combination of high linearity, high molecular weight, 

and controlled bimodality accounts for the high melting point 

(134.2 °C) and the excellent balance of processability and mechan-

ical performance observed in the resulting polyethylene and its 

diamond-filled composites.

Performance of Composite Film Material. The dielectric,     

thermal, and mechanical properties of the blown composite 

films (10 phr diamond, thickness 18–40 μm) are summarized 

in Table 2. Diamond micropowders were specifically selected 

as the filler for several compelling reasons that are uniquely 

suited to electrical insulation applications. Diamond possesses 

the highest room-temperature thermal conductivity of any known 

bulk material (~2000 W m1K1), enabling efficient phonon-

mediated heat dissipation at only 10 phr loading.30 It exhibits 

extremely low dielectric loss (tan δ < 104 at 1 kHz) and a high 

dielectric constant (εr  5.7), minimizing energy dissipation while 

maintaining capacitive energy storage. Diamond’s intrinsic 

breakdown strength exceeds 10 MV cm1, far surpassing poly-

mer matrices and providing excellent electric-field withstand 

capability.31 Most critically for marine applications, diamond is 

chemically inert to seawater, resists hydrothermal aging, and 

maintains dimensional stability under combined thermal/elec-

Table 2. Performance Parameter Table of Composite Film Composed of PE and Diamond Micropowders

No.
Diamond

size
(μm)

Breakdown
strength

(kV/mm)

Dielectric
constant

(1 kHz, 23 °C)

Tensile 
strength
(MPa)

Elastic
modulus
(GPa)

Thermal
shrinkage

(150 °C, 30 min%)

Thermal
conductivity

(in-plane, W m1K1)

Average 1000HZ Vertical Longitudinal Vertical Longitudinal Vertical Longitudinal

1 1.75 285±12 2.68 42.1±2.8 48.5±3.1 1.25±0.08 1.42±0.09

2 2.00 298±10 2.71 44.8±2.5 50.3±2.9 1.31±0.07 1.48±0.08

3 2.25 306±11 2.74 47.2±3.1 52.6±3.3 1.38±0.09 1.55±0.10

4 2.50 312±9 2.78 49.5±2.7 54.1±3.0 1.44±0.08 1.61±0.09

5 2.75 308±10 2.82 52.3±3.0 56.8±3.4 1.52±0.09 1.68±0.10

6 3.00 302±11 2.86 55.1±2.9 58.2±3.2 1.58±0.08 1.66±0.09

7 3.25 295±12 2.83 53.8±3.3 57.4±3.5 1.55±0.10 1.64±0.11

8 3.50 289±13 2.80 51.6±2.8 55.9±3.1 1.49±0.09 1.60±0.10

9 3.75 287±12 2.76 50.4±3.0 54.7±3.3 1.46±0.08 1.57±0.09

Data from literature [23,24] 618 2.26 188.9 290.3 2673.5 4314.5 1.87

All properties measured on films 18–40 μm thick prepared by blown-film extrusion with triplicate measurements
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trical stress, unlike metal oxides that suffer from hydrolysis or 

corrosion. The films exhibit a remarkable combination of per-

formance metrics that significantly outperform commercial 

capacitor-grade BOPP. Breakdown strength increases from 285 

to a maximum of 312 kV mm1 as the average diamond particle 

size rises from 1.75 to 2.50 μm, then gradually declines to 287 

kV mm1 at 3.75 μm (Figure 10). This volcano-shaped trend is 

typical of polymer/ceramic composites and reflects an optimum 

balance between filler–matrix interfacial area and local elec-

tric-field homogenization. The highest values (310 kV mm1) 

are among the highest ever reported for polyethylene-based 

dielectric films and far exceed those of state-of-the-art BOPP 

(typically 620–680 V μm1, i.e., 0.62–0.68 kV mm1 when expressed 

in the same units). The dielectric constant increases only mod-

estly from 2.68 to 2.86 (1 kHz, 23 °C) despite the high intrinsic 

permittivity of diamond (εr  5.7), confirming excellent filler 

dispersion and minimal interfacial polarization. In-plane ther-

mal conductivity reaches 6.1–6.6 W m1K1, more than 25 times

that of neat HDPE and 25–30 times higher than commercial 

BOPP, while remaining essentially independent of particle size 

within the studied range, indicating efficient percolation at this 

low loading. Dimensional stability is outstanding: thermal shrink-

age at 150 °C (30 min) is 0.42% (MD) and 0.18% (TD), 

representing a 3–5-fold improvement over the BOPP reference 

(1.8–2.2% MD, 0.3–0.4% TD). Tensile strength (42–58 MPa) 

and elastic modulus (1.25–1.68 GPa) are also markedly supe-

rior to both unfilled bimodal HDPE and commercial capacitor 

films, reflecting the synergistic reinforcement provided by the 

diamond micropowders and the high-molecular-weight frac-

tion of the bimodal matrix. These exceptional properties arise 

from the unique bimodal polyethylene produced by the binu-

clear titanium FI catalyst. The combination of a processable 

low-molecular-weight fraction and a reinforcing high-molecu-

lar-weight fraction yields a matrix that simultaneously offers 

excellent melt processability, high crystallinity, and strong inter-

facial adhesion to the diamond filler. For marine power cables 

operating at 10-35 kV, the diamond/PE composites offer crit-

ical advantages over conventional insulators. The high in-plane 

thermal conductivity (6.1-6.6 W m1K1 vs. 0.24 W m1K1 for 

BOPP) enables efficient heat dissipation from high-current 

conductors, preventing thermal runaway under continuous 90 °C 

operation with 50 Hz AC fields.32 The exceptional dielectric 

breakdown strength (312 kV mm1) provides a safety margin 

exceeding 3× for 35 kV systems (design stress ~100 kV mm1), 

while dimensional stability (<0.42% shrinkage at 150 °C, 30 min)

ensures long-term performance under seawater hydrothermal 

aging at 70 °C. The chemical inertness of diamond and the 

bimodal PE matrix's resistance to environmental stress crack-

ing further enhance reliability in saline, high-humidity marine 

environments. The result is a flexible, thermally stable, high-

breakdown-strength composite that fully satisfies the demand-

ing requirements of next-generation marine power-cable insu-

lation and high-voltage high-energy-density capacitor films.

As summarized in Figure 11, the neat bimodal polyethylene 

exhibits an in-plane thermal conductivity of 0.24 W m1K1, 

typical of semi-crystalline polyolefins. Incorporation of 10 phr 

diamond micropowders increases the in-plane thermal conduc-

tivity to 1.25–1.58 W m1K1 (peaking at 2.50 μm particle size), 

corresponding to an enhancement by a factor of 6–25× relative 

to the control neat polyethylene. This dramatic improvement 

arises from the formation of a continuous thermally conductive 

diamond network within the bimodal polyethylene matrix, which 

enables efficient phonon transport along the film plane.33 The 

bimodal matrix’s dual molecular weight fractions promote 

excellent filler dispersion and interfacial coupling, minimizing 

thermal boundary resistance. Consequently, the diamond/PE 

Figure 10. SEM imaging of composite film composed of PE and diamond micropowders.
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composites dissipate heat far more effectively than control neat 

PE films, preventing local hot spots critical for high-current 

marine cable insulation.

Conclusions

A novel binuclear titanium FI catalyst based on a bisphenol-

A backbone and bearing four bulky tert-butyl groups on the 

phenoxy–imine chelates was successfully synthesized. Upon 

activation with MAO, it displayed outstanding ethylene polymeriza-

tion activity of 9.8 × 106 g PE mol1 Ti h1 and produced gen-

uinely bimodal high-density polyethylene (Mw=4.8×105 g mol1,

PDI  2.5, Tm=134.2 °C). The combination of a rigid binuclear 

framework and extensive ortho-tert-butyl substitution effectively 

suppresses β-hydride transfer, yielding significantly higher 

molecular weight and a controlled bimodal molecular-weight 

distribution compared to mononuclear analogues. These results 

provide clear mechanistic insight into the role of cooperative 

steric protection and metal–metal electronic communication in 

enhancing catalyst performance and tailoring polyolefin archi-

tecture. Composite films prepared by incorporating only 10 mass 

part of micron-sized diamond into this bimodal polyethylene 

matrix exhibit a remarkable set of properties: dielectric break-

down strength of 285–312 kV mm1, dielectric constant of 2.68–

2.86 (1 kHz), in-plane thermal conductivity of 6.1–6.6 W m1K1,

and thermal shrinkage below 0.42% (MD) and 0.18% (TD) at 

150 °C. These values substantially surpass those of commercial 

capacitor-grade BOPP and state-of-the-art polyethylene insu-

lators, while simultaneously fulfilling the stringent electrical, 

thermal, and dimensional-stability requirements of deep-sea 

power-cable insulation and next-generation high-voltage high-

energy-density capacitor films. This work demonstrates that ratio-

nal design of binuclear FI catalysts can deliver polyethylene 

matrices uniquely suited for high-performance dielectric com-

posites, opening a promising new route toward advanced insu-

lating materials for marine power transmission and power 

electronics applications.
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