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Abstract 

Polyethylene and nanosilica represent the most ubiquitous commodity plastic and 

nanocomposite filler, respectively. Despite their potential utility, few examples exist in the 

literature of successfully combining these two materials to form polyethylene nanocomposites. 

Synthesizing well-defined polyethylene grafted to a surface is a significant challenge in the 

nanocomposites community. Presented here is a synthetic approach toward polyethylene grafted 

nanoparticles with controllable graft density and molecular weight of the grafted polymer. The 

variably grafted nanoparticles were then incorporated into a commercial high density 

polyethylene matrix. The synthesis, characterization, and challenges in making these materials 

are discussed.  

 

 Polyolefin materials represent the largest class of commodity thermoplastics in the world 

and they find use in every aspect of daily life.1 The largest subclass of commodity polyolefins, 
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polyethylenes (PE), are abundantly used in applications from packaging to artificial joints.2  PE is 

the material of choice in a variety of applications which demand chemical inertness, high 

strength, low density, ductility, etc. and many different classes of PE (e.g., low density PE, high 

density PE, linear low density PE) are synthesized commercially for different applications. PE is 

also a semicrystalline polymer with notably high degrees of crystallinity that provide high levels 

of strength and stiffness above the glass transition temperature.3  

 Despite the commercial relevance and excellent properties of PE, there are few examples 

of polyethylene nanocomposites stemming from the synthetic barriers involved in grafting PE on 

a nano-surface. Commercially, polyethylene is produced by reacting ethylene gas with a Ziegler-

Natta catalyst comprised of a transition metal complex (commonly titanium or zirconium) in 

combination with an organoalumnium co-catalyst (e.g. triethylaluminum).4-6 The chain growth 

polymerization occurs through olefin insertion between the metal center and a coordinated alkyl 

group. These polymerizations generally result in polymers with a broad molecular weight 

distribution, but can also produce polyolefins with excellent stereochemical fidelity (e.g., 

isotactic polypropylene).7-8 Fundamental investigation of nanocomposites has shown that control 

of chain graft density and molecular weight is essential for obtaining predictable nanofiller 

dispersion within a polymer matrix, and for realizing the subsequent property enhancements.9-11 

 Polyethylene/palygorskite nanocomposites with improved impact and tensile strengths 

were prepared by in situ coordination polymerization, and the resulting micrometer-length 

palygorskite whiskers could be dispersed in a polyethylene matrix.12 Polyethylene/nanoclay 

composites were prepared in a similar fashion and demonstrated improved thermal stability 

compared to unfilled polyethylene.13 Nanoclays modified with a three component mixture of 

oligomers (styrene, lauryl acrylate, and vinyl benzyl chloride) were dispersed in both 



3 
 

polyethylene and polypropylene, and exhibited improvements in the peak heat release rate (a 

measure of thermal stability).14 Dispersion of montmorillonite clays was achieved by anchoring 

an early transition metal complex (Ni) on the surface of the Lewis acidic clay surface, which also 

activates the catalyst for the in situ coordination polymerization of ethylene.15 Additional 

examples of polyolefin/clay composites16-17 and polyolefin composites with carbon-based fillers 

also exist.18-20  

 Silica nanoparticles are of interest in the nanocomposites community because nanosilica 

is easy to synthesize or cheaply available commercially and has been extensively studied as a 

filler in amorphous materials. 21-23 Varying synthetic approaches have been used to make 

silica/polyolefin nanocomposites, however achieving good dispersion of small silica 

nanoparticles (>50 nm) in polyolefin matrices remains a challenge.24-28 This is largely due to the 

fact that few synthetic routes allow for independent control of graft density and molecular weight 

of the grafted chains.   

Providing further motivation for well dispersed nanofillers in a popularly used 

semicrystalline polymer, recent work leveraged the semi-crystallinity of poly(ethylene oxide) 

(PEO) to template the assembly of poly(methyl methacrylate) grafted silica nanoparticles 

(PMMA-g-SiO2).29 A two-fold increase in the Young’s modulus was observed for the ordered 

composite compared to the randomly dispersed composite at the same filler loading. The 

increased modulus was attributed to the nanoscale “brick and mortar” structure formed during 

crystallization. This work has exciting implications for semicrystalline polyolefin materials, 

especially HDPE which has robust properties even without nanofillers. To harness this behavior 

in semicrystalline materials, good particle dispersion in the matrix is necessary. In this work, we 

present a surface-initiated ring opening metathesis polymerization (SI-ROMP) strategy to 
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prepare linear polyethylene-grafted silica nanoparticles (PE-g-SiO2); the subsequent dispersion 

of these nanomaterials in a high density polyethylene (HDPE) matrix will be discussed.  

 
Scheme 1. Synthetic approach toward nanosilica grafted will well-defined polyethylene (THF = 

tetrahydrofuran, BHT= butylated hydroxytoluene, p-TSH= para-toluene sulfonyl hydrazide, 
TPA= tripropylamine; 1, silica nanoparticles; 2, norbornene grafted nanoparticles; 3, Grubbs 

catalyst grafted nanoparticles; 4, polyoctene grafted nanoparticles; 5, polyethylene grafted 
nanoparticles). 

 
A strategy to synthesize linear polyethylene grafted on silica nanoparticles is detailed in 

Scheme 1. To begin, silica nanoparticles (1) were modified with a norbornyl silane at varying 

feed ratios as well as an alkylsilane to cap any unreacted silanol groups (2). This norbornyl group 

was then used to tether Grubbs’ second generation ruthenium catalyst to the silica nanoparticles 

(3). Many methods of catalyst attachment to surfaces have been explored in the literature, some 

similar to the approach described herein.30-34 The benefit of using a norbornyl group rather than a 

simple alkene group is that the relief of ring strain after the catalyst reacts with the norbornene 

moiety generates an essentially irreversible tether compared to an alkene exchange with the 

catalyst’s benzylidene ligand. Also, varying the feed ratio of the norbornyl silane allows for 

various grafted brush densities. Subsequent addition of the monomer solution to the catalyst-

tethered particles resulted in grafted polycyclooctene (PCO-g-SiO2, 4). After a mild 
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hydrogenation, the grafted polymer was transformed into linear polyethylene (5). A series of 

samples was made according to this procedure, and the physical and chemical data for these 

samples is shown in Table 1. 

Table 1. Physical and chemical characteristics of synthesized PCO-g-SiO2 

Entry 
Mn  

(kDa) 

Calculated average 
graft density (σ, 

chains/nm2)a 
Đb 

Norbornyl 
silane feed 

ratio 
(mmol/g) 

Char yield 
before 

hydrog. (%) 

Char yield 
after 

hydrog. (%) 

Avg. 
Diameter 

(nm)c,d 
Tm 

(oC)e 

A 12 0.27 1.6 0.21 40.2 39.8 85 127 

B 50 0.24 1.3 0.21 8.7 3.1 110 113 

C 101 0.19 1.7 0.21 2.4 1.7 166 94 

D 10 0.6 1.5 0.42 11.1 9.1 120 106 

E 49 0.40 1.8 0.42 2.0 1.4 141 124 

 aAverage graft density calculated based on the MW of grafted polymer and char yield before hydrogenation, 
assuming 0.15 eq. free polymer due to excess added catalyst compared to surface-tethered norbornyl groups bMw/Mn 
c Number average diameter of PCO-g-SiO2 determined by dynamic light scattering (DLS) dDiameter of Nb-g-SiO2 

was 16 nm as-synthesized eObserved melting point on second heating after hydrogenation determined by differential 
scanning calorimetry (DSC) 
 

A benefit of the described approach is that the graft density and molecular weight of the 

grafted polymer are independently tunable as seen in Table 1. The graft density of the polymer 

was qualitatively controlled by the feed ratio of norbornyl silane, and varying molecular weights 

of the grafted polymer were prepared by varying the monomer feed ratio. For the purposes of 

calculating graft densities, it was assumed that all surface-grafted norbornyl groups are initiated 

by the catalyst. In this case, a second generation Grubbs catalyst was chosen because of its 

relative stability toward trace water and oxygen compared to a Grubbs first generation catalyst, 

and it is commercially available. Obtained molecular weights agree fairly well with predicted 

molecular weights (indicative of high initiator efficiency), though dispersities were broad (see 

supporting information for formulation information).  Similar to literature reports,35 we observed 

rapid and quantitative monomer conversion by 1H NMR based on the disappearance of the 
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monomer chemical shift at 5.6 ppm and the appearance of a peak at 5.3 ppm, indicating polymer 

formation (Figure S1). This rapid monomer conversion was observed for polymerizations both in 

solution and for the surface-initiated polymerization. After hydrogenation to form the PE-g-SiO2 

(5), a small decrease in the char yield was observed due to the increased saturation of the 

polymer backbone (Figure S2). In general, the decomposition temperature was slightly higher for 

the unsaturated samples. 

 

Figure 1. DLS curves and corresponding transmission electron microscopy (TEM) images of 
PCO-g-SiO2 synthesized with (a-b) 0.8 eq. catalyst with respect to norbornyl silane, (c-d) 1.0 eq. 
catalyst with respect to norbornyl silane, (e-f) 1.15 eq. catalyst with respect to norbornyl silane 
(Figures illustrate the likely coupling chemistry, but the DLS curves and TEM images are taken 
post-polymerization)  

A challenge to this synthetic approach was the issue of significant particle coupling when 

a sub-stoichiometric amount of catalyst was added with respect to the norbornyl silane. Figure 1 

shows PCO-g-SiO2 nanoparticles drop cast onto a TEM grid which were made from different 

catalyst ratios with respect to the amount of norbornyl silane, as well as the corresponding DLS 

curves for the PCO-g-SiO2 as synthesized. ROMP is relatively unencumbered by steric 
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hindrance and is often used as a technique to polymerize bulky monomers.36 It is possible for 

particles to irreversibly couple during this step of the synthesis if a catalyst tethered to one 

particle reacts with a tethered norbornyl group on another particle. It was found that using an 

excess of catalyst with respect to the norbornyl silane, as well as slowly adding the Nb-g-SiO2 

particles to a solution of catalyst were both helpful measures in reducing particle coupling and 

resulted in predominantly singly dispersed polymer-grafted particles, though some small particle 

aggregates were still present. The hydrodynamic diameter of the polymer grafted nanoparticles 

measured by DLS increased substantially for each sample compared to the unmodified 

nanoparticles. Though the particle coupling was found to be reduced by controlling the catalyst 

ratio, the measured increase in hydrodynamic radius was due to both the grafted polymer and 

small aggregates. These results agree fairly well with the particle size and dispersion state 

observed by TEM.  

 The final step of the described synthesis is arguably the most important in preparing the 

PCO-g-SiO2 nanoparticles for mixing with high density polyethylene (HDPE). HDPE is 

completely linear (i.e., contains no alkyl branches along the polymer backbone) and has a very 

high melting point (134o C) because of the high degree of chain packing which occurs in the 

crystalline regions of the polymer. To qualitatively understand the degree of hydrogenation of 

the PCO-g-SiO2 (termed PE-g-SiO2 after hydrogenation), differential scanning calorimetry 

(DSC) was used to compare the thermal properties of the polymer grafted particles before and 

after the hydrogenation step (Figure S3). After the hydrogenation, melting points ranging from 

94o C to 127o C were observed during the second heating cycle, where a higher melting point 

indicates a higher degree of hydrogenation. Prepared samples may not reach the maximum 
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melting temperature of HDPE because of defects in the overall crystallinity caused by the filler 

or incomplete saturation of the polymer. 

 The dispersion states of the PE-g-SiO2 particles were first observed prior to mixing with a 

matrix (Figure 2 a-b). Qualitatively, there were still many singly dispersed particles accompanied 

by small aggregates, similar to the matrix-free dispersion state observed before the 

hydrogenation (Figure 1 f). This suggests that the polymer remained grafted to the nanoparticles 

after hydrogenation, and that the dispersion was not negatively affected by the hydrogenation 

procedure. The PE-g-SiO2 particles were then mixed with a commercially supplied HDPE matrix 

(Mn=152 kDa). The 101 kDa PE-g-SiO2 showed reasonably good dispersion in the HDPE matrix 

with many singly dispersed particles present. Since the dispersion of single particles was 

observed, it is likely that the small observed aggregates were coupled prior to nanocomposite 

processing rather than resulting from poor wetting with the matrix polymer. Additional 

nanocomposite TEM images are shown in Figure S4. 
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Figure 2. TEM Images of (a-b) matrix free PE-g-SiO2 (Sample E after hydrogenation) (c-d) PE-
g-SiO2 (Mn=101 kDa, σ=0.19 chains/nm2) dispersion in a commercial HDPE matrix, 0.6 wt% 
silica (matrix Mn=152 kDa, Tm=130 deg C) For ease of viewing, some singly dispersed particles 
in the nanocomposite are circled in blue, and a small aggregate is circled in red for comparison. 
 
 In this work, SI-ROMP was used to prepare PE-g-SiO2 and samples with varying graft 

densities and MWs were prepared. A challenge inherent to this approach was the irreversible 

coupling of the silica nanoparticles when a sub-stoichiometric amount of catalyst was added 

which was addressed by adding a small excess of catalyst with respect to surface-tethered 

norbornyl groups. A mild hydrogenation of the PCO-g-SiO2 particles gave rise to PE-g-SiO2. 

Qualitatively, the dispersion state of the particles did not change after the hydrogenation, 

indicating that the procedure did not have a detrimental effect on the grafted polymer or particle 

dispersion. The PE-g-SiO2 particles were mixed with a commercial HDPE matrix and the 

dispersion was observed by TEM. Many singly dispersed particles were observed in the 

nanocomposite, though some small aggregates existed (likely coupled prior to the nanocomposite 

processing). These results suggest that this synthetic approach is useful for preparing well-

defined polyethylene grafted nanoparticles which are tunable in nature. In the future, this 

approach could be applied to many different types of nanoparticles and other polymers which are 

accessible by ROMP. Also, using a fast-initiating catalyst (such as Grubbs’ third generation 

catalyst) could potentially improve the particle coupling challenge.  
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