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ABSTRACT 

 Heterogeneous catalysis plays a crucial role in industrial olefin polymerization. 

Mechanistic understanding and optimization of Ziegler-Natta (ZN) catalyst are limited by 

the considerable complexity resulting from the multiple ingredients and complicated 

structures. Re-designing ZN catalytic systems with reduced complexity and adequate 

performance is of great interest. Here, we show that self-assembled polyhedral oligomeric 

silsesquioxane (POSS)@TiCl4 nanoparticles can effectively immobilize TiCl4 molecules 

in n-heptane solution, achieving the exceptional utilization of active centres. This 

uncomplicated system exhibits heterogeneous-like catalytic performance in ethylene 

polymerization, featured by high activities, fouling-free polymerization and a series of 

desirable properties of the nascent polymers such as reduced entanglement and spherical 

morphology. In addition, these catalytic nanoparticles show robust resistance to H2, and 

enhanced incorporation of comonomer towards ethylene/1-hexene copolymerization. By 

using DFT calculations the possible structures of the Ti active centres are proposed, of 

which a flexible double-Ti structure coordinated to Si-O-Si shows the most reduced energy 

barrier for ethylene insertion.  

Key words: Heterogeneous polymerization catalysts; core-shell-corona; DFT calculations; 

polyethylene; Ziegler-Natta catalyst 
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1. Introduction 

Polyethylene is an integral part of daily life. The capacity of polyethylene production 

and total polyethylene market value were more than 100 million tons and $200 billion in 

2022, respectively1-5. In the industrial ethylene polymerization process (e.g., slurry or gas-

phase polymerization), heterogeneous catalysts are widely employed thanks to their 

desirable performances in stabilizing the active species, avoiding the formation of reactor 

fouling, and directing the microstructure and particle morphology of polyethylene. 6,7  

Generally, these heterogeneous catalysts are obtained by the heterogenization of 

transition metal component as a promising strategy of robustly bonding the homogeneous 

catalyst with industrially preferred supports via covalent bonds, ion pairs or hydrogen 

bonds.8-9 In the pursuance of high catalytic activity and flexible regulation on the structure 

and morphology of the synthesized polymers, advanced heterogeneous catalysts have been 

developed and optimized over decades.8-10 The milestone of commercial Ziegler-Natta 

catalysts for ethylene polymerization is the utilization of microcrystalline MgCl2 as support 

for the Ti species, since it is isomorphous with TiCl3 and therefore leads to an excellent 

robust adsorption and well distribution of active species through the formation of Mg-Cl-

Ti bridge11. Polyethylene with tailored chain structure can be synthesized by these MgCl2-

based Ziegler-Natta catalysts with considerable activity, where the removal of catalyst 

residual is no longer required in industry. In an industrial polymerization process, these 

highly activated catalytic units (i.e., microcrystalline MgCl2 anchored Ti species) must be 

embedded or synthesized inside the spherical and porous carriers such as spherical MgCl2 
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particles and silica, which determines the shape and size of the polyethylene particles and 

realizes the “drop-in” technology. 12,13 However, it should be mentioned that chemical 

reaction of TiCl4 to the Si-OH groups of the silica cannot provide the required activity. 13,14 

To this end, the modifiers, such as MgR2, Mg(OR)2, MgR2/AlR3 and Grignard reagents 

RMgX (X=Cl or Br), have to be used as the Mg source for synthesizing the Mg compounds 

in the pores of calcined silica through the reaction with Si-OH groups. 10,13 This not only 

makes the synthesis procedure of heterogeneous Ziegler-Natta catalyst rather complicated, 

but results in a quite complex physical and chemical environment around the active centers: 

(i) the anisotropic transfer of reactants (e.g., ethylene, cocatalyst) inside the porous carrier 

creates various microscopic zones with different local atmosphere around the active species; 

10-12 (ii) both Mg4c2+ and Mg5c2+ sites are the activated positions for anchoring transition 

metal component and electron donors, where multiple active centers are inevitably 

generated due to their mutual interaction. 15,16 Such complex microscopic environment 

makes mechanistic standpoint certainly far from perfect, and the optimization of Ziegler-

Natta catalyst is still in a trial-and-error fashion so far. 7,17 Therefore, to simplify the catalyst 

heterogenization and demonstrate the intrinsic relationships between the structure of 

potential active species and catalytic performance are both significant and challenging. 

Assembling catalytic molecules into nano-structures can reform catalyst systems and 

open a wide range of possibilities in controlling the distribution and properties of active 

sites. This strategy has gained numerous successes in the catalysis processes of 

environmental, energy, biological and molecular industries/technologies 19,20. In this regard, 
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the nanoparticles are promising platforms for supporting catalytic molecules. Polyhedral 

oligomeric silsesquioxane (POSS) has a cubic inorganic Si8O12 core surrounded by eight 

organic corner groups. Resembling surface feature of silica, incompletely condensed POSS 

with the size around 1-3 nm (e.g., one POSS molecule with 2 or 3 -OH) have also been 

extensively studied as homogeneous model support for silica-grafted catalysts. 21 The 

silsesquioxane were introduced on group 4 metals (Ti, Zr) as the ligands by either chloride 

metathesis or protonolysis. 22-23 In this way, Ti, Zr and Hf species chemically bonded to the 

hydroxyl of POSS could present the reasonable activity toward ethylene polymerization. 

However, the steric hindrance of POSS ligand influenced the catalytic performance and the 

chain growth procedure. The metal catalyst coordinated with the soluble POSS even 

behaved as the homogeneous catalysis. 21-25 Recently, catalytic nano-cluster for olefin 

polymerization opens a new research direction in the design of nanoscaled heterogeneous 

catalysis. 26 The amphiphilic comonomers formed initially soluble ionic nanoclusters and 

served as the “seeds” to induce the polymer growth on the clusters. These heterogenization 

strategy was realized since the particle growth on the cluster caused subsequent 

precipitation. Thus, the spherical polymer particles with the size less than 1 μm was 

synthesized without causing reactor fouling. 26 The functional group of amphiphilic 

comonomers was aggregated inside the formed ionic cluster through hydrogen bonds, 

which prevented the strong interaction of ionic polar groups from poisoning the metal 

center.26 

These facts promote us to reconsider the design of heterogeneous catalysts for 
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ethylene polymerization. A flexible and simple immobilization strategy is desirable, which 

on one hand structurally stabilizes the active species, and on the other hand endows the 

ability to tailor the microstructure and morphology of the synthesized polymer with a 

considerable catalytic activity. The low-dimensional nanomaterials could be interesting 

candidates for such a supporting material.27,28 In this work, we demonstrate this innovative 

concept to design heterogeneous catalysts toward ethylene polymerization based on POSS 

molecules. The O atom of chemical inert Si-O-Si cage in the POSS has been employed as 

an electron-rich site29 to anchor catalytic molecules, which is aiming to stabilize and 

disperse the TiCl4 active species and tailor the molecular architecture of synthesized 

polymer according to the self-assembly of POSS and TiCl4 molecules. The assembled 

POSS@TiCl4 unit exposes the active species on the POSS cages, which facilitates the 

contact and activation of cocatalyst. After capturing the TiCl4, the amphiphilic 

POSS@TiCl4 unit is purposed to form the certain nanoparticles in the n-heptane by the 

secondary aggregation, which endows the ability to tailor the entangled state and 

morphology of nascent polyethylene. We demonstrate that the catalysts exhibit 

unprecedented activities and produce nascent polyethylene with well-controlled 

architecture and morphology owing to the formation of robust but flexible active structures. 

Mechanistic understanding and catalyst optimization are illustrated via catalyst 

characterization and density functional theory (DFT) calculations. 

2. Materials and methods 

2.1 Materials  
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Disilanolisobutyl POSS (denoted as POSS) and oct-POSS (without -OH) was 

purchased from Hybrid Company (USA) and dried for 24 h before use (See Figure S1). 

Titanium (IV) chloride (TiCl4, 99.9 wt%), triethylaluminium (TEAl, 1 mol l-1 in hexane) 

and n-heptane (99.9% wt%) were purchased from J&K Chemical Corp (China). The 

commercial MgCl2/TiCl4 catalyst with a Ti loading of 3.45 wt% was supplied by Sinopec 

Shanghai (China), which was used as a benchmark. n-heptane was distilled over 

sodium/diphenyl ketone before use. Polymerization-grade ethylene and nitrogen were 

obtained from Fangxin Corp. (China) and purified by filtering through Mn zeolite and 

subsequent zeolite of 5 Å. All operations on air-sensitive and moisture-sensitive 

compounds were conducted under an inert nitrogen atmosphere using standard Schlenk 

techniques or in a glovebox. 

2.2 Catalyst Preparation  

POSS (5 μmol) and TiCl4 (900 μmol) were mixed in 10 ml of n-heptane at 60 °C for 

2 h, to obtain the POSS@TiCl4-180 catalytic suspension with light yellow color. The molar 

ratio of POSS to TiCl4 were varied (TiCl4 fixed at 900 μmol) to synthesize other catalytic 

suspensions which were labeled as POSS@TiCl4-X, X meaning the molar ratio of 

TiCl4/POSS, i.e., 20, 90, 180 and 320. Pure TiCl4 catalytic suspension was prepared without 

the presence of any POSS.  

2.3 Ethylene polymerization  

Ethylene polymerization was carried out in a 1.0 l Buchi stainless steel autoclave 

reactor which was equipped with a mechanical stirrer and a temperature controller. The 
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reactor was heated above 110 °C under vacuum for more than 3 h and repeatedly purged 

with nitrogen before polymerization. Then, the reactor temperature was reduced to 60 °C 

for the reactions using POSS@TiCl4-X. 500 ml of n-heptane was added to the reactor 

before polymerization. After the introduction of TEAl as the cocatalyst, 1 ml of the 

catalytic suspension was injected into the reactor. The polymerization was carried out under 

a continuous ethylene flow at 3 bar with a stirring rate of 450 rpm. The polymerization was 

typically proceeded for 15 mins (or 90 mins in the study of H2 resistance). At the end of 

reaction, the autoclave was quickly vented. The synthesized product was precipitated and 

washed with acidified ethanol (5 wt% hydrochloric acid) and dried at 60 °C under vacuum 

for 12 h. Repeated reactions with different samples from the same batch of catalyst 

delivered raw data that were reproducible to within ±7 %. 

2.4 Computational details  

The density functional theory (DFT) calculations used TPSSh hybrid functional and 

cc-PVDZ basis set. Dispersion interaction correction was included by using Grimme’s D3 

scheme and Becke-Johnson damping function. The search of transition state used Berny 

algorithm and was confirmed by imaginary frequency. All the DFT calculations were 

performed by using Gaussian 16 package. Multiwfn software was used for Hirshfeld charge 

analysis and calculations of density of states (DOS). The ligands of POSS molecules were 

replaced by H atoms to reduce the computational cost. Oct-POSS (without -OH groups) 

was used for all the calculations to avoid the structural complexity.30,31 

2.5 Characterization  
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The morphologies of the catalysts were observed using transmission electron 

microscopy (TEM, Tecnai F20, USA). One droplet of the catalytic suspension was added 

onto the copper screen, which was then dried in the glove box and used for TEM 

observation. The chemical composition and elemental distribution of the nanoparticles 

were measured by spherical aberration corrected scanning transmission electron 

microscope (Cs-corrected STEM, Titan Chemi STEM, FEI, USA) using the energy-

dispersive X-ray mode (STEM-EDX). The preparation procedure of samples for the Cs-

corrected STEM measurement was the same with that for the TEM measurement. The 

catalytic nanoparticles in the suspension were also analyzed by the optical microscope 

(AXIO Imager A2M, ZEISS). Importantly, the suspension must be carefully sealed in the 

quartz cell before the measurements. The sealed catalytic suspension was subsequently put 

in the cell of dynamic light scattering (Zetasizer 3000HSA, Malvern, UK) to measure the 

particle size distribution at room temperature.  

X-ray photoelectron spectroscopy (XPS) measurements were performed by using 

Escalab 250Xi with Al Ka radiation as the X-ray source (300 W, 1486.3 eV). The vacuum 

chamber was about 5×10-9 Torr. The binding energy was calibrated to C 1s peak at 284.6 

eV. The suspension was dropped on the copper sheet and then dried in the glove box. The 

dried catalysts were then transferred to the XPS measurement with the protection of 

nitrogen. For the 49Ti nuclear magnetic resonance (NMR) spectra, 0.6 ml of catalytic 

suspension was isolated from water and oxygen, and then measured on a Bruker AC-80 

400 MHz spectrometer at ambient temperature. 
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The morphology of the synthesized polymer was observed using a scanning electron 

microscopy (SEM, Hitachi S-4700, Japan). The samples were sputter-coated by Pt before 

the SEM measurement. The weight-average molar mass (Mw) and the molecular weight 

distribution (MWD) were measured by a gel permeation chromatography (GPC) at 150°C 

with a PL-GPC-220 instrument (Polymer Laboratories, Shropshire, UK). The molecular 

weight of standard polystyrene ranged from 1000-14,000,000 g‧mol-1. 1,2,4-

trichlorobenzene was used as the solvent.  

Rheological studies were performed on a strain-controlled rheometer (HAAKE III 

instrument) to analyze the entanglement density of nascent polymers. A disk of 20 mm 

diameter was compressed under 20 tons at 130 °C for 30 min and used in all rheological 

studies. The disk between the parallel plates of the rheometer was heated to 160 °C under 

a nitrogen environment to prevent thermo-oxidative degradation. After thermal 

stabilization at 160 °C, the rheology experiments were started. The dynamic amplitude 

sweep test was performed at a fixed frequency of 1 Hz to determine the linear viscoelastic 

regime. The dynamic time sweep test was performed to follow the entanglement formation 

at a fixed frequency of 1 rad/s and strain in the linear viscoelastic regime. 32 

3. Results and discussion  

3.1 Ethylene polymerization at low cocatalyst/catalyst (TEAl/TiCl4) ratios  

Homogeneous TiCl4 catalyst and commercial MgCl2/TiCl4 (3.45 wt% Ti) exhibit 

negligible activity at the nominal Al/Ti molar ratio R = 5. These catalysts require 

significantly higher R = (800 and 200, respectively) to be active (Table 1, runs 1-4). The 
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synthesized POSS/TiCl4-2 catalyst, where TiCl4 reacts with the -OH group, (molar 

[Ti]/[POSS] = 2, 7.5 wt% Ti, mimicking a Si-OH material (e.g. SiO2) supported TiCl4 

catalyst based on covalent bonds) exhibits no activity (Table 1, run 5), responses that is 

expected and consistent with the literature. 14,33 Remarkably, increasing Ti/POSS ratio to 

20 resulted in a successful reaction with the notable activity (0.5×106 g PE (molTi·h·bar)-1) 

and quality of products, where the nominal Al/Ti molar ratio R was equal to 5 (Table 1, 

run 6). This indicates a high atomic efficiency for the proposed stabilization strategy, 

making POSS@TiCl4 an unprecedented system.   

The catalytic activity of POSS@TiCl4 system could also vary with the composition of 

the nanoparticles (Table 1, runs 6-9), namely the molar Ti/POSS ratio. Tuning in this ratio 

from 20 to 180 could increase the activity by a factor of 3 (0.5 to 1.6×106 g PE 

(molTi·h·bar)-1). A higher Ti/POSS molar ratio of 320 was found to be detrimental to 

catalysis and resulted in an activity reduce to 0.7×106 g PE (molTi·h·bar)-1 with reactor 

fouling. The obtained activities are even comparable to those of MgCl2 supported 

mononuclear Ti catalysts (i.e., 0.1 wt% Ti, 0.7-2.0×106 g PE (molTi·h·bar)-1) 34. The 

catalytic performance was also found to be dependent on R. Taking POSS@TiCl4-180 as a 

representative case, R = 5 turns to be the optimal, where higher (20) or lower (2) R value 

is less favorable for the process (Table 1, runs 10-12, Figure S2). This is due to the balance 

between the activated numbers of Ti atoms and the transfer of growing polymer chain 

towards TEAl. Nevertheless, the entire operating R range considered for this new family 

of catalysts is substantially lower to those employed for traditional Ziegler-Natta catalysts 
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(e.g., 60-200) 35-37. Moreover, the polymerization using POSS@TiCl4 did not result in any 

reactor fouling (Figure S3). Apart from the high activity, the polyethylene produced, 

depending on R, typically takes the form of discrete, free-flowing and millimeter-sized 

spheres (Figure S3). The polyethylene products also have molecular weights (Mw) higher 

than 1.0×106 g mol-1, i.e., ultra-high molecular weight polyethylene (UHMWPE, Table 1 

and Figure S4). The nearly unchanged molecular weight distribution (MWD, 6.0±0.3) 

suggests similar chemical environments of the active sites. More importantly, the 

substantially reduced nominal loading of cocatalyst and the fouling-free advantage indicate 

the robust immobilization of active sites in this POSS@TiCl4 system. The polymerization 

reactions were also conducted by using oct-POSS@TiCl4 nanoparticles, which 

demonstrated very similar catalytic behavior (e.g., activity, fouling-free, low R, similar Mw 

and MWD) to those of their counterpart with -OH (Figure S5 and Table S1). This 

demonstrates that the hydroxyl of POSS may contribute to the self-assemble process 

through the hydrogen bonds but presents the ignored influence to catalytic performance of 

active species. The Si-O-Si cage of the POSS can stably anchored the activated Ti species.  

3.2 Catalyst characterization, structure-performance relationship 

3.2.1 Characterization of catalyst structure and POSS-TiCl4 interaction 
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Figure 1. Structure of the synthesized POSS@TiCl4 nanoparticles. (a) Optical 

microscope image of the POSS@TiCl4-180 suspension; (b) TEM image of the 

nanoparticles formed in POSS@TiCl4-180 suspension; (c) Ti (●) element distribution of 

the nanoparticle observed by the STEM-EDX mapping; (d) Si (●) and Ti (●) element 

distribution of the nanoparticle observed by the STEM-EDX mapping; (e) XPS comparison 

between POSS@TiCl4 nanoparticles and pure TiCl4; (f) 49Ti NMR data of the POSS@TiCl4 

nanoparticles and pure TiCl4 

 

Prior to characterizing the catalysts, further control experiments were conducted to 

identify the catalytic components in the suspension. TiCl4 suspension alone was tested (i.e., 

in the absence of POSS, 90 μmol in 1 ml suspension), where significantly reduced activities 

(Table S1) with respect to the POSS@TiCl4 suspension, as well as reactor fouling, were 

observed (Figure S3). The synthesized polyethylene exhibit a cocoon-like morphology 

without the presence of any particles (Figure S3), which is rather different from those 
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presented in Table 1, and indicates heavy leaching of active sites. In addition, the filtrate 

of POSS@TiCl4-180 after sieving with 200 nm filter was also much less active than the 

original suspension (Table S1), suggesting a systematic characterization of the as-prepared 

suspension (typically 1 ml of n-heptane containing POSS and TiCl4) was essential. 

Taking POSS@TiCl4-180 suspension as an example (nominal molar [Ti]/[POSS] = 

180, 90 μmol TiCl4 in 1 ml n-heptane), numerous particles in random motion were observed 

by using the optical microscope (Figure 1a). Representative TEM image (Figure 1b) 

shows that these particles, with an average size of ca. 225.2 nm (Figure S6), exhibit a core-

shell-corona structure. STEM-EDX mapping further shows a homogeneous distribution of 

Ti atoms in the TiCl4 cluster without the POSS (Figure 1c), while POSS and TiCl4 

molecules are enriched in the core and the outer shell, respectively (Figure 1d). A dispersed 

POSS corona was also observed in the surroundings of particles. The formation of such a 

structure is attributed to the thermodynamically favorable self-assembly and interactions 

of POSS and TiCl4 molecules. 27,28 Such nanoparticles with numerous catalyst clusters are 

responsible to the exceptional activity and determine the spherical morphology of the 

synthesized polymer owing to the duplication effect (Figure S3). It is important to mention 

that, the formation of POSS@TiCl4 nanoparticles rely much on the n-heptane solvent used, 

while in other solvent such as toluene the nanoparticles can easily collapse. 

The interaction between POSS and TiCl4 molecules was studied by X-ray 

photoelectron spectroscopy (XPS) (Figure 1e) and 49Ti nuclear magnetic resonance (NMR) 

measurements (Figure 1f). In the XPS spectra of the nanoparticles, the peak of Ti 2p blue-
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shifts ca. 0.5 eV (to 458.8 eV) with respect to the characteristic position of pure TiCl4 

(458.3 eV). The NMR measurement shows that, the chemical shift of 49Ti rises from 0.4 to 

1.0 ppm for the POSS@TiCl4 suspension, suggesting a more pronounced electron 

deficiency of Ti atoms. The broaden 49Ti NMR resonance of the POSS@TiCl4 suspension 

further demonstrates the reduced mobility of TiCl4 in the solution thanks to the presence 

of POSS molecules. In addition, these observations and measurements show similar 

resonance in the presence of POSS molecules with and without -OH groups (See Figure 

S7), where the considerable interaction between the Si-O-Si edge and TiCl4 molecules are 

found and contribute to their similar catalytic performance. The contact between Si-O-Si 

edge of POSS and TiCl4 is also addressed by DFT calculations. It is found that, when 

multiple TiCl4 are in the vicinity of a POSS molecule, two typical Ti-O distances can be 

clearly identified around 3.4 Å and 2.5 Å, corresponding to the calculated binding energies 

(BE) around 0.40 eV and 0.50 eV, respectively (Figure S8a). Moreover, the latter case, 

namely the relatively stronger POSS-TiCl4 binding, can further lead to the formation of 

TiCl4 aggregations of small sizes bonded to POSS (POSS-(TiCl4)4-C in Figure S8a), where 

the Ti 2p orbitals shift to deeper energies with respect to those of the structures without 

TiCl4 aggregation (Figure S8b). This shows coincidence with the Ti-2p XPS data (Figure 

1e).  

Both the observations and the calculated results indicate that the coordination between 

Ti and Si-O-Si edge, even though weaker than a typical Ti-O covalent bond, can help 

sustaining the POSS@TiCl4 nanoparticles. As a support material, the POSS molecule 
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significantly reduce the structural complexity of heterogeneous catalyst. As we show in 

Table S2 and discuss in section 3.3, the electron-rich O atoms can transfer the electron to 

the activated Ti atoms and thus robust anchoring the Ti species. This could on the one hand 

tailor the catalytic performance and on the other hand help reducing the complexity in the 

system.   

3.2.2 Correlation between catalytic activity and [Ti]/[POSS] ratio 

POSS@TiCl4 nanoparticles of varying [Ti]/[POSS] ratios and sizes can be obtained 

by changing the nominal molar ratio of TiCl4 and POSS in the preparation, all with core-

shell-corona structures (see Figure S9 for STEM-EDX mapping and Figure S6 for size 

data). The variation of the composition of the nanoparticles with the nominal molar ratio 

are shown in Figure 2a. The immobilization efficiency (i.e., the actual amount of Ti 

immobilized by POSS over the total Ti feed) reaches the minimum for POSS@TiCl4-180 

(Figure 2b), measured by both bulk and surface [Ti]/[Si] ratios. This lowest efficiency 

however promotes the formation of a clearer core-shell-corona structure with the best TiCl4 

dispersion and accordingly the highest activity. The POSS-only suspension in n-heptane 

(without TiCl4) was subsequently investigated, where an enhanced self-nucleation of the 

POSS molecules was observed at increasing POSS loadings (Figure S10). A competition 

between POSS self-nucleation, intermolecular self-assembly of TiCl4 and POSS (required) 

therefore seems to be present, where the balance can be tuned by the relative amounts of 

POSS and TiCl4. 
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Figure 2. Correlation between structural compositions and performance of 

POSS@TiCl4 catalyst. (a) Measured molar ratio [Ti]/[POSS] on the surface and in the 

bulk of the nanoparticles; (b) Catalytic activity and immobilization efficiency as function 

of the nominal molar ratio of [Ti]/[POSS].  

 

Given the above observation of the catalytic suspension, a feasible methodology to 

enhance catalytic activity can be proposed. Since the catalyst preparation process is highly 

dependent on the aggregation of POSS molecules, the growth of POSS aggregates can be 

controlled by limiting the amount added per feed. POSS (5 μmol) was intermittently added 

into POSS@TiCl4-180 catalytic suspension (10 ml n-heptane containing 900 μmol TiCl4 

and 5 μmol POSS) for 8 further times with an interval of 1 h between feeds. Overall, this 

procedure brought the [Ti]/[POSS] ratio down to 20. The catalytic activity of the resulted 

suspension was significantly increased to 1.9×106 g PE (molTi·h·bar)-1, equivalent to ~4 

times of that obtained by the original POSS@TiCl4-20 under identical reaction conditions 

(Table 2, run 3). This enhancement of activity clearly indicates that this intermittent 

addition of POSS optimizes the uptake of TiCl4 molecules into highly active POSS@TiCl4 
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species, verified by optical microscope observation (Figure S11). STEM-EDX analysis 

further confirmed that these newly formed nanoparticles exhibit the same composition as 

the original POSS@TiCl4-180 nanoparticles (i.e., measured [Ti]/[POSS] = 22, Figure 2a).  

3.3 Elucidation of the catalytic structure and mechanism by DFT calculations 

 

 

Figure 3. Ti(III)’s binding to POSS (a) Optimized structures of POSS-TiCl3, in 

comparison with POSS-TiCl4. (b) Initial (left) and final (right) structures of POSS-TiCl4-

TiCl3 optimization. The cage structure denote as the POSS molecular, where the red ball 

and gray ball indicate the O atoms and Si atoms, respectively. Ti atoms and Cl atoms are 

with white and green color, respectively. 

 

The correlation between catalytic activity and the [Ti]/[POSS] molar ratio, as 

demonstrated in Figure 2, further evidences that the close contact between POSS and Ti 

species can directly impact on the catalytic reactions. To elucidate the underlying 

mechanism, the formation of Ti active centers and the role of POSS therein are of central 

importance. It is natural to probe the microscopic structures formed by POSS and Ti (III) 
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species by using DFT calculations, since the catalytic activity is known to be mainly 

contributed by Ti(III) species formed after co-catalyst activation of Ti(IV).  

To this end, we consider the model clusters POSS-TiCl3 for the direct contact 

conformation, and POSS-TiCl4-TiCl3 which represents the interaction of POSS and Ti(III) 

intermediated by TiCl4. Figure 3(a) shows the optimized POSS-TiCl3 structure, where the 

Ti-O coordination distance is significantly shorter than in POSS-TiCl4 and is consistent 

with the stronger calculated BE. In comparison, the POSS-TiCl4 interaction is weaker due 

to the less open structure around Ti atom. Nevertheless, with the presence of one TiCl3, the 

interaction between TiCl4 and POSS can be substantially enhanced. As illustrated in Figure 

3(b), the TiCl3’s binding to a POSS-TiCl4 in vicinity is directly driven by energetic 

advantage and leads to dramatic change of the original POSS-TiCl4 structure. Notably, the 

Ti-O distance is shortened to a length (2.19 Å) close to that in POSS-TiCl3 (2.08Å) in the 

optimized structure. These results indicate that the catalytic active Ti(III) can be 

immobilized not only directly by POSS, but also by POSS-TiCl4, forming a double-Ti 

structure. A depiction of the electronic structures of POSS-TiCl3 and POSS-TiCl4-TiCl3 is 

provided in Figure S12, which demonstrates the impact of POSS on the electronic states 

of Ti species. In particular, as shown in Table S2, there is a considerable charge transfer 

between POSS and Ti (III) species, implying the electron donor effect of POSS molecule. 

The charge transfer can be attributed to the coordination between the electron-rich O atoms 

and the Ti(III) cation in POSS-TiCl3. Moreover, the situation in POSS-TiCl4-TiCl3 is 

similar, because the structural change therein renders the Ti coordinating to Si-O-Si 
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(originally a Ti(IV)) an unpaired electron and thus a behavior close to a Ti(III), as shown 

in Figure S12b. 

 

 

Figure 4. Catalytic performance of POSS-supported Ti(III) species. The profiles of 

ethylene insertion reaction catalyzed by (a) POSS-TiCl3 (b) POSS-TiCl4-TiCl3 (c) (TiCl4)2-

TiCl3. For each catalytic structure, the energetics as well as structures of initial state, 

transition state (TS) and final state are presented. 

 

The catalytic properties of alkylized POSS-TiCl2R and POSS-TiCl4-TiCl2R (R=C2H5) 

structures are examined in term of the energy barrier of the ethylene insertion. The double-

Ti structure in POSS-TiCl4-TiCl2R shows a significantly reduced barrier of 0.1 eV (Figure 

4b) upon ethylene insertion with respect to the barrier of 0.6 eV given by the POSS-TiCl2R 

(Figure 4a). This explains the outstanding catalytic activity of POSS@TiCl4-180, 

highlighting the importance of the double-Ti catalytic structure. Examination of the 

insertion process reveals that the key to the reduced barrier lies in the structural flexibility 

of the double-Ti center: upon the ethylene insertion on the Ti(III) site, the adaption of the 
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POSS-TiCl4-Ti2R structure renders alternation of the Ti(IV) atom from 5-coordination in 

the reactant to 6-coordination in the transition state (TS), which effectively stabilizes the 

TS. Consistently, the higher energy barrier with the single-Ti catalytic structure of POSS-

TiCl2R can be attributed to the lack of such a flexibility. In addition, we examined ethylene 

insertion at the other Ti site, namely alkylized Ti(IV) site of POSS-TiCl3R-TiCl3. The 

barrier turns out to be 0.29 eV due to the rigid conformation of the Ti directly bonded to 

POSS (Figure S13a). This implies a decent possibility of polymerization at this site as well 

as the multi-center nature of the double-Ti structure, which is in line with the relatively 

broad MWD resulted from the present catalytic systems. 

We note that the proposed structures of POSS-TiCl3 and POSS-TiCl4-TiCl3 as shown 

in Figure 3, in spite of their small sizes and relatively simple geometries, reflect already 

the fundamental aspects of the activated POSS@TiCl4 system, such as the impact of POSS 

on Ti species and different coordination conditions of Ti(III). Therefore, this minimalism 

styled structure can be taken as the prototype of immobilized Ti(III)-Ti(IV) clusters of large 

sizes and/or more complicated structures for understanding their crucial role in the catalytic 

mechanism. 

To shed some light in the catalytic performance of the suspension where the 

POSS@TiCl4 clusters were filtered out, the ethylene insertion reaction on pure Ti 

aggregates is also addressed. The Ti aggregate is modelled by a (TiCl4)2-TiCl2R cluster, 

where the catalytic site is supported by a relatively rigid structure of a TiCl4 cluster, rather 

than by the POSS molecule (Figure 4c). With this structure, the ethylene insertion 
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overcomes an energy barrier of 0.26 eV, which should also lead to a decent catalytic activity 

and is in agreement with our polymerization results (Table 1). The cluster undergoes a 

modest structural distortion in the reaction process and does not show the altered 

coordination as in POSS-TiCl4-TiCl3. Another structure of (TiCl4)2-TiCl2R exhibits similar 

catalytic behaviors (Figure S13b). DFT calculations show also that the free-standing 

double-Ti structure (TiCl4-TiCl2R) without the presence of extra POSS or the TiCl4 

molecule can also lead to quite a low barrier of 0.15 eV (Figure S13c), where the altered 

coordination is also found. This demonstrates the flexible conformation of active species 

(TiCl4-TiCl2R) is the key to enhance the ethylene insertion. More importantly, the O-Ti 

coordination between the POSS and TiCl4 ensures this flexibility, since all the Cl atoms of 

the bonded Ti species are dispersed without the occupation by other molecules (e.g., the 

Ti-Cl-Mg bridge in the classical MgCl2).  

The possible origin of the low cocatalyst load for the POSS@TiCl4 catalytic systems 

was also probed by DFT calculation. The calculated BEs between TEA and POSS are 

significantly larger than that between TEA and TiCl4 (Figure S14). This indicates that the 

TEA molecules can be effectively gathered around POSS, which could facilitate the 

interaction between TEA and Ti species. 

3.4 Features of the synthesized polymers and the Polymerization Process  
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Figure 5. (a) Temporal variation of ethylene consumption rate over POSS@TiCl4-180 and 

commercial MgCl2/TiCl4 catalysts (Polymerization in 7 bar H2 and 3 bar C2H4, see 

conditions in Table 2); (b) Absolute values of the storage modulus (G’) obtained on 

annealing the sample synthesized by POSS@TiCl4-180 at R = 1; (c) SEM morphology of 

the polymer synthesized by POSS@TiCl4-180 at R = 1. 

3.4.1 High H2 resistance 

To examine the robustness of the new catalysts, POSS@TiCl4-180 was also compared 

to a traditional MgCl2/TiCl4 catalyst under harsh reaction conditions, i.e., with high partial 

pressure of H2. As can be seen from Figure 5a, the commercial catalyst does not possess 

any activity at R = 5 even in the absence of H2, whereas the POSS-mediated system could 

keep a considerable consumption rate of ethylene (0.9 g min-1) for over 90 mins at 7 bar of 

H2 (with 3 bar of C2H4). By using the possible catalytic structures in Figure 4 and Figure 

S13, we calculated the BEs of H2 absorption on the catalytic sites. It turns out that the Ti(III) 

site of POSS-TiCl4-TiCl3 shows a relatively weak binding with H2 (Figure S15), which is 
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in agreement with the polymerization observations and can be taken as a support for our 

proposed catalytic structures.  

3.4.2 Enhanced comonomer effect  

Particularly interesting is that, this catalyst also exhibits an excellent ethylene/1-

hexene copolymerization property, where a considerable insertion ratio of 1-hexene are 

achieved during the slurry polymerization (i.e, 1.3 mol%, see Figure S16). 38 This finding 

provides possible approaches of simplifying the existing industrial processes, minimizing 

the use of co-catalyst and ultimately saving operational costs, which may be of great 

significance to the polymerization industry.10,35 

3.4.3 Reduced entanglement of synthesized polyethylene  

The weak entanglement of synthesized polyethylene, which decreases the molten 

viscosity and thus improves processability39,40, is evidenced by molten rheology, where the 

modulus build-up curve shows a low starting value and takes a long time (e.g., more than 

3.6×104 s for the UHMWPE synthesized at R= 1) to reach the thermodynamically stable 

state (Figure 5b). These observations are consistent with an entanglement of nascent 

UHMWPE via distribution of active sites: with a lower nominal loading of TEAl (e.g., R 

= 1), activated TiCl4 molecules in the POSS systems are highly isolated, since the self-

assembled core-shell-corona catalytic nanoparticles expose the numerous ‘starved’ 

precursor to the rare TEA molecule. This is favor to isolate the active sites and propagated 

chains, especially at the low cocatalyts loading, which reduces the chain overlap and the 
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entanglement in the nascent UHMWPE. This scattered distribution of active sites are 

further evidenced by the petaline-like structures in each grain of a UHMWPE particle due 

to the morphology duplication effect (Figure 5c).  

4. Conclusions 

In the present work, we demonstrate that the POSS-TiCl4 nanoparticles self-

assembled in n-heptane solution can show excellent catalytic performance towards 

ethylene polymerization, featured by the high catalytic activity comparable to industrial 

ZN catalysts, the reduced use of cocatalyst, a robust H2 resistance and higher comonomer 

incorporation in polymerization, reduced entanglements and the desirable morphology of 

synthesized products. The catalytic performance can be influenced by the [Ti]/[POSS] 

nominal ratio and the self-assembling of POSS in preparation procedures. 

Compared to MgCl2-supported ZN catalysts, the complexity of the POSS-TiCl4 

catalytic system is substantially reduced because the robust immobilization of catalytic Ti 

species is achieved by the coordination with Si-O-Si edge. We propose several possible 

structures of catalytic sites, among which a double-Ti structure shows the lowest energy 

barrier for ethylene insertion owing to its structural flexibility. Moreover, the POSS@TiCl4 

catalytic system can be synthesized by simple mixing procedure and straightforwardly 

integrated to the polymerization process.  

Data availability 

Data will be made available on request. 
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Tables 

Table 1. Ethylene polymerization at low cocatalyst/catalyst ratios (R).a 

Entry Catalyst 
 

R Activityf  Mw  
104 (g mol-1) MWD 

49Ti 
chemical 

shift (ppm) 

Reactor 
fouling 

1 Homo-TiCl4b  800 1.0 –g – – √ 

2 Homo-TiCl4b  5 0.04 – – – √ 

3 MgCl2/TiCl4c  5 0.02 – – – × 

4 MgCl2/TiCl4d  200 0.8 – – – × 

5 POSS/TiCl4-2e  5 0 – – – – 

6 POSS@TiCl4-20  5 0.5 173.5 5.9 0.6 × 

7 POSS@TiCl4-90  5 0.9 170.0 6.0 0.8 × 

8 POSS@TiCl4-180  5 1.6 149.7 6.1 1.0 × 

9 POSS@TiCl4-320  5 0.7 156.8 5.9 1.4 √ 

10 POSS@TiCl4-180  20 0.7 130.6 6.3 1.0 × 

11 POSS@TiCl4-180  10 0.9 137.7 6.1 1.0 × 

12 POSS@TiCl4-180  2 1.2 153.7 5.7 1.0 × 

13 POSS@TiCl4-180  1 0.6 156.0 6.0 1.0 × 
aReaction conditions: 90 μmol TiCl4, 15 mins, 500 ml n-heptane, 3 bar C2H4 and 60 oC;  
b1 μmol TiCl4;  
c90 μmol TiCl4, commercial catalyst with a Ti loading of 3.45 wt%; 
d10 μmol TiCl4; 
eTi loading of 7.5 wt%, nominal loading of Ti/POSS = 2;  
f106 g (molTi·h·bar)-1 based on the nominal loading of Ti;  

g ‘–’ means not measured.  
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Table 2. POSS-inspired novel ethylene polymerization catalysts.a 

Entry Catalyst R Activitye  
Mw  

104 (g mol-1) 
MWD 

Reactor 
fouling 

1 POSS@Cp2ZrCl2b 40 0.7 18.4 2.8 × 

2 POSS@Cat-Feb 40 0.5 35.5 5.6 × 

3 POSS@TiCl4-20-Bc 5 1.9 –f – × 

4 POSS@TiCl4-180d 5 0.1 26.1 5.4 × 
aReaction conditions: 90 μmol of transitional metal, 15 mins reaction time, 500 ml of n-
heptane, 3 bar of C2H4 and 60 oC (30 oC for entry 2);  

bThe cocatalyst is MAO;  
cPOSS was added over 8 batches into the POSS@TiCl4-180;  
din the presence of 7 bar H2 and 3 bar C2H4, polymerization time of 90 mins;  
e106 g (molTi/Zr/Fe·h·bar)-1 based on the nominal metal loading;  
f‘–’ means not measured. 

 

 


