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Abstract: The ability to synthesize polyolefin-based copolymers with controlled chemical composition and chain microstructure provides great 
opportunities for their use in compatibilizing polyolefin blends, particularly including polyethylene (PE) and polypropylene (PP), to address their 
waste recycling challenges. In this study, polyolefin graft copolymers comprising semicrystalline PE side chain and amorphous polyethylethylene 
(PEE) backbone were synthesized by grafting amine-terminated 1,4-polybutadiene (PB) onto carboxyl-grafted 1,2-PB, followed by hydrogenation. 
A suite of characterization tehcniques were employed to assess the degree of functionalization, polymer microstructure, and molecular weight of 
these graft copolymers containing different side chain lengths and graft densities. Moreover, since most commodity polyolefins are semicrystalline, 
understanding the crystallization behavior of these polyolefin copolymers is important. Specifically, the non-isothermal crystallization behavior of 
these graft copolymers was investigated using differential scanning calorimetry (DSC) and the Jeziorny-modified Avrami model. Both the graft 
copolymers and their homopolymer grafts exhibited heterogeneous nucleation with predominantly one-dimensional crystal growth and similar 
overall crystallization rates. However, PEE-g-PE10k and PEE-g-PE5k showed opposite trends in activation energy, likely due to a competition 
between nucleation facilitation and crystal growth restriction introduced by the graft structure. A preliminary investigation indicates that the 
incorporation of these graft copolymers into mixed PE:PP (50:50) blends can lead to improved mechanical performance. This study reveals the 
impact of graft architecture on the crystallization behavior and kinetics of polyolefin-based blend compatibilizers.

Introduction

Polyolefins are among the most widely used polymer materials in the world, contributing over 250 million metric tons annually 
for diverse applications such as packaging, automotive components, construction materials, and consumer goods.1 Notably, 
polyethylene (PE) and polypropylene (PP) dominate the market due to their low cost, satisfactory mechanical strength, as well as 
excellent chemical resistance, which are largely attributed to their semicrystalline microstructures.2,3 The ability to control the 
crystalline structure and kinetics of polyolefin materials is an important research focus, as these properties are strongly influenced 
by factors such as polymer architecture, tacticity, chemical identity, and overall composition.4–6 For instance, by controlling the 
degree of chain branching in PE materials, researchers can significantly modulate their crystallinity, accessing a wide range of 
elastic moduli and toughness.7–13 Similarly, the tacticity in PP can dictate its crystalline behavior, shifting the material from an 
amorphous to a highly crystalline state and consequently altering its mechanical properties.14,15 

In recent years, polyolefin copolymers with distinct chemical components have attracted considerable interest, particularly as 
a promising solution for addressing mixed plastic waste, which is a critical sustainability challenge.16,17 These copolymers can 
serve as compatibilizers for polymer blends by selectively interacting with respective domains, thereby enhancing interfacial 
adhesion and overall material performance.18 Specifically, PP/PE blends represent a common yet very challenging waste stream. 
Their similar physical properties complicate sorting and separation processes, while their chemical immiscibility in the melt state 
leads to macrophase separation and poor interlayer adhesion at domain interfaces.19,20 Consequently, recycled products from 
mixed PP/PE often exhibit significantly downgraded mechanical performance, limiting their practical applications. To address this 
challenge, linear and graft block compatibilizers based on polyolefin chemistry have been studied to enhance the compatibility of 
PP/PE blends.17,18,21–29 Notably, while various copolymer structures have been developed for PP/PE blends, co-crystallization 
between the compatibilizer and polymer blend remains the predominant compatibilization mechanism in this system.17,28 As such, 
most copolymers designed for PP/PE systems incorporate both semicrystalline PP and PE blocks, largely relying on 
organometallic catalysts to achieve controlled chain architecture.17,21,22,27,30–33 A seminal work from Eagan et al. found significant 
improvements in mechanical properties of PE/iPP (isotactic PP) blends compatibilized with PE-b-iPP multiblock copolymers.21 
This superior compatibilization performance was attributed to the trapped entangled mechanism, where the multiblock architecture 
allowed half of the iPP and PE block to be flanked by thermodynamically immiscible counterparts, leading to the formation of 
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entangled loops at the interface during melt process. As a result, this approach can effectively stitch together the PE and iPP 
domains upon crystallization during cooling, thereby enhance the mechanical properties of the compatibilized blends. 

While most previous studies in this area have focused on leveraging a co-crystallization mechanism and/or physical 
entanglements between amorphous domains for blend compatibilizers to improve interfacial stability between PE and PP domains, 
a recent study introduced a new compatibilization mechanism, referred to as 'threading-the-needle'. 34,35 This mechanism attributes 
the improved mechanical performance of the compatibilized blends to the interfacial topological entanglements of the amorphous 
block of the compatibilizer with the PP phase, along with the co-crystallization of the semicrystalline block with the PE phase. 
Specifically, a block copolymer compatibilizer for PP/PE blends, comprising an amorphous PP-like block and a semicrystalline 
PE-similar block, was prepared by hydrogenating polybutadiene (PB) block copolymer with PB segments of different 1,2- and 1,4- 
ratios. We note that this approach is especially attractive as it introduces an emerging compatibilization mechanism that presents 
new opportunities for enhancing PP/PE recycling, while allowing for synthesizing these effective compatibilizers using potentially 
scalable methods. Since the performance of butadiene-derived copolymers relies on their interaction with distinct crystalline 
domains, understanding and controlling their crystallization behavior is crucial for enhancing compatibilization performance and 
informing processing conditions.36–38 Notably, these butadiene-derived polyolefin block copolymers can also enhance the 
toughness of recycled PE and PP, with their mechanical performance exhibiting a clear dependence on sample cooling rate in 
processing, further highlighting the need to understand the non-isothermal crystallization kinetics of these materials.35 

To date, most studies on PP/PE compatibilization have focused on the synthesis and application of linear block copolymers, 
while the significant potential of graft copolymers remains underexplored. To investigate the ability of polyolefin-based graft 
copolymers by leveraging the "threading-the-needle" mechanism for addressing PE/PP blends, this study establishes a synthetic 
platform to prepare butadiene-derived graft copolymers with chemically dissimilar backbones and grafts by controlling their chain 
microstructures. Specifically, we synthesized polyolefin graft copolymers with varied chemical compositions by grafting amine-
terminated 1,4-polybutadiene (1,4-PB-NH₂) onto carboxyl-functionalized 1,2-polybutadiene (1,2-PB-COOH), followed by 
hydrogenation to obtain semicrystalline polyethylene (PE) side chains and an amorphous polyethylethylene (PEE) backbone. The 
non-isothermal crystallization kinetics of the graft copolymers and their corresponding homopolymer grafts were investigated to 
elucidate the impact of molecular architecture on polymer crystallization behavior. Moreover, it is found that that the incorporation 
of these graft copolymers into mixed PP and PE blends can result in improved mechanical performance. This study provides 
important insights for developing semicrystalline polyolefin graft copolymers from butadiene precursors, which could potentially 
address the challenges associated with PE/PP recycling and improve the sustainability of polyolefin-based materials.

Results and discussion 

Synthesis of polybutadiene grafts and backbone

The graft copolymer poly(ethylethylene-ran-ethylene)-graft-polyethylene (PEE-g-PE) was prepared according to the reaction 
scheme as shown in Figure 1. Briefly, different types of polybutadiene with a 1,4-dominated microstructure (containing amine end 
groups) and a 1,2-dominated microstructure were synthesized and employed as grafts and backbones, respectively. Carboxyl 
groups were introduced onto the 1,2-PB backbone via thiol-ene coupling chemistry, allowing for the chemical attachment of 1,4-
PB grafts through amidation reaction. Subsequently, these materials underwent hydrogenation, enabling the saturation of polymer 
chains. Here, amine-terminated PB (1,4-PB-NH2) was prepared using a previously reported method.39 Specifically, butadiene was 
polymerized via anionic polymerization using sec-butyllithium as the initiator in toluene, end-capped with pivalonitrile, and 
subsequently reduced with sodium borohydride (NaBH₄) in a protic solvent (Figure 1A).39 The successful transformation of living 
polybutadienyllithium into end-capped polybutadiene was confirmed by proton nuclear magnetic resonance spectroscopy (¹H-
NMR). The disappearance of the allyl proton chain-end signals at 1.65 ppm40 and appearance of the new peaks at 1.15 ppm, 
corresponding to the tert-butyl group, indicate complete end-capping with an end group efficiency reaching 100% (Figure S1). 
Further reduction of the imino group to an amino group upon reaction with NaBH₄ was confirmed by the shift of the tert-butyl 
signals to a higher field (0.98 ppm), which is consistent with previous reports (Figure S1 and Figure 2A).39 Moreover, two 1,4-PB-
NH2 grafts were prepared, with molar mass of approximately 5 kg/mol and 10 kg/mol, which was determined by 1H-NMR using 
the signals of sec-butyl as end-group at 0.80 ppm (Figure 2A). To produce 1,2-dominated PB backbone (1,2-PB), tetrahydrofuran 
(THF) was added to the standard anionic polymerization of butadiene at a molar concentration of [Li]:[THF] = 1:200 (Figure 1B),34 
yielding 1,2-PB with molar mass of 23 kg/mol.
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Figure 1 Reaction scheme of (A) amine-terminated 1,4-PB, n/(m+n)=0.12; (B) 1,2-PB, n/(m+n)=0.89; (C) carboxyl functionalized 1,2-PB, and (D) polyethylethylene-
graft-polyethylene.

The chemical structure of the 1,4-PB-NH2 graft and 1,2-PB backbone were characterized by1H-NMR spectroscopy, as shown 
in Figure 2A and 2C, respectively.  We note that the peaks in the 4.8–5.6 ppm region are associated with the olefinic protons in 
the butadiene units. The ratio of 1,2-butadiene units was calculated by integrating vinylidene protons at 5.0 ppm (described in 
Electronic Supplementary information). It was determined that the 1,2-PB backbone contained 89% 1,2-butadiene units, and the 
1,4-PB-NH2 grafts contained 12% 1,2-butadiene units. Both 1,2-PB and 1,4-PB samples in this study exhibited a low polydispersity 
value (Đ), ranging from 1.03-1.08 (also see Table S1), as shown in the gel permeation chromatography (GPC) traces in Figures 
2B and 2D, indicating a good control over the polymerization process. 
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Figure 2 (A) 1H NMR spectra of 1,4-PB-NH2 graft, (B) GPC result of 1,4-PB-NH2 graft, (C) 1H NMR spectrum of 1,2-PB backbone, and (D) GPC result of 1H NMR of 
1,2-PB backbone.

Following the preparation of 1,2-PB polymers, we grafted carboxyl groups onto 1,2-PB using the well-established thiol-ene 
coupling chemistry to produce the carboxyl functionalized 1,2-PB (1,2-PB-COOH) (Figure 1C).41,42 The decrease of unsaturated 
proton in PB at 4.8–5.6 ppm, coupled with the appearance of new peaks at 2.6 and 2.8 ppm (proton adjacent to thioether and 
carboxyl groups), suggested successful functionalization of 1,2-PB (Figure S2).43 GPC results indicated a slightly broader Đ after 
the thiol-ene coupling, reaching 1.29 over 20 min reaction time, but the number-averaged molecular weight remained similar to 
that of the starting 1,2-PB (Figure S3). We note that the broadening of Đ is primarily due to the radical mechanism of the thiol-ene 
reaction, which can cause side reactions such as chain scission and coupling/crosslinking, thereby producing both lower and 
higher molecular weight species. The grafting density of carboxyl groups steadily increased throughout the reaction process, as 
determined from 1H-NMR spectra. As the vinyl groups exhibit high reactivity with thiol-ene reaction,44 a graft density as high as 
70% was achieved within 20 min, as shown in Figure 3. We note that from NMR results, it was suggested that around 81% of 1,2-
unit and less than 0.1% of 1,4-unit were reacted at 20 min, respectively. For the synthesis of PB graft polymer, we selected 1,2-
PB with the lowest carboxyl graft density (10%) as the model system for subsequent reactions. We note that a graft density below 
10% can be obtained by further reducing the reaction time or using a lower concentration of thiol-containing reagents (3-
mercaptopropionic acid in this study).

 
Figure 3. Effect of reaction time on the grafting density of the carboxyl functionalization of 1,2-PB

Synthesis of butadiene-derived polyolefin graft copolymers (PEE-g-PE) 
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The PB-based graft copolymer was then prepared by grafting 1,4-PB-NH2 onto 1,2-PB-COOH via amidation at a 1:1 molar 
ratio of amine to carboxyl groups, using 4-dimethylaminopyridine (DMAP) as the catalyst and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCl) as the carboxyl activating agent (Figure 1D).45 The grafting reactions for both 1,4-PB-
NH2-5k and 1,4-PB-NH2-10k were monitored by GPC (Figure S4), where the appearance of a new polymer fraction (elution peak 
at ~11.6 min in Figure S4A and ~11.5 min in Figure S4B) with a molecular weight higher than that of the backbone and grafts 
indicated the formation of graft copolymers from the coupling of the 1,2-PB-NH2 graft onto the 1,2-PB-COOH backbone. 
Specifically, Figure 4 shows the GPC traces of the homopolymers used as the backbone and grafts, as well as the crude product 
mixtures at the end of the reaction. The absence of unreacted 1,2-PB in the final product mixtures for both 5k and 10k indicated 
complete conversion of 1,2-PB-COOH, and the appearance of a new high-molecular-weight fraction evident the formation of PB-
based graft copolymers. The reaction progress was determined by the peak area ratio of the graft copolymer to the unreacted 
graft (Figure S5), and the reaction was quenched when this ratio reached a plateau. Notably, the reaction with 1,4-PB-NH₂-5k 
required a longer time to reach completion than that with 1,4-PB-NH₂-10k, but ultimately achieved a higher conversion. This 
difference might be attributed to the impact of graft chain length on their end group reactivity. The shorter 1,4-PB-NH₂-5k chain 
exhibits less steric hindrance and better end group accessibility to reacting with the carboxyl groups on the 1,2-PB-COOH 
backbone, resulting in a higher conversion. However, the increased steric hindrance from higher grafting density may also slow 
the coupling process, thereby an extended reaction time might be needed. 

Figure 4. GPC traces of the backbone PB (1,2-PB-23k), 1,4-PB grafts (1,4-PB-5k and 1,4-PB-10k), the product from the coupling reaction with 5k graft (PBgp-5k) and 
10k graft (PBgp-10k).

To further characterize the graft copolymer, PB graft polymers (PBgp) were purified by preparative GPC to remove unreacted 
1,4-PB-NH₂, which both 1,4-PB-NH2-5k and 10k grafts were successfully isolated, and their 1H NMR and GPC traces were 
presented in Figure 5. Effective isolation of graft copolymer was confirmed by the absence of the tert-butyl group peak at 0.9 ppm 
from 1,2-PB-NH2 in the 1H NMR spectra, as well as the absence of 1,2-PB-NH2 fraction in the GPC traces. The number of grafts 
was calculated from the ratio of 1,2- and 1,4-butadiene units in PBgp, 1,2-PB-COOH, and 1,4-PB-NH2 (see Electronic 
supplementary information). For PBgp-5k, the graft density was approximately 15 grafts per backbone, with a relatively low Đ of 
1.11. PBgp-10k had a lower graft density of approximately 10 grafts per backbone and a slightly higher Đ value of 1.43. The lower 
grafting efficiency in PBgp-10k was consistent with the trends observed in the GPC results (Figure S5) and can be attributed to 
the increased steric hindrance arising from the higher molecular weight of the 1,4-PB-NH₂-10k. 
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Figure 5 (A) 1H NMR of the isolated PBgp-5k, (B) GPC trace of the isolated PBgp-5k, (C) 1H NMR of the isolated PBgp-10k, and (D) GPC trace of the isolated PBgp-
10k.

The semicrystalline polyolefin graft polymer, PEE-g-PE, was synthesized via hydrogenation of PBgp with the presence of 
diimide, which was generated through the thermal decomposition of p-toluenesulfonyl hydrazide. The completion of hydrogenation 
was confirmed by Fourier-transform infrared (FTIR) spectroscopy, as shown in Figure 6. In PEE-g-PE5k, the appearance of C-H 
stretch at 2920 cm-1 and the disappearance of C=C stretch at 1730 cm-1 and C-H from CH=CH at 970 cm-1 indicated complete 
saturation of PBgp-5k (Figure 6A).46 Similar FTIR results were observed for PBgp-10k and PEE-g-PE10k, confirming the complete 
saturation of PBgp-10k as well (Figure 6B).

Figure 6. FTIR of (A) PBgp-5k and the hydrogenated polymer PEE-g-PE5k, and (B) PBgp-10k and the hydrogenated polymer PEE-g-PE10k.

Thermal and crystallinity analysis of PEE-g-PE

The thermal stability and crystallinity of hydrogenated 1,2-PB-COOH (backbone), hydrogenated 1,4-PB-NH2 (PE-5k and PE-
10k), and polyolefin graft copolymer (PEE-g-PE5k and PEE-g-PE10k) were analyzed using thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC). TGA results revealed that both polyolefin graft copolymers had lower thermal 
decomposition temperatures (𝑻𝒅𝟓) than their respective homopolymer grafts. Specifically, 𝑻𝒅𝟓 decreased from 397 °C for PE-5k 
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to 380 °C for PEE-g-PE5k, and from 396 °C for PE-10k to 378 °C for PEE-g-PE10k (Figure S6). This decrease in thermal stability 
might be attributed to the amide linkages between the backbone and grafts. Despite the decrease in 𝑻𝒅𝟓, all samples had 
decomposition temperatures above typical polymer processing conditions, indicating they are suited for practical applications. 

As shown in Figure 7, the hydrogenated 1,2-PB-COOH was amorphous, exhibiting a glass transition temperature (𝑻𝒈) of –8.3 
°C, which is higher than the typical value of poly(1-butene) (–17 °C).47 This increase may be attributed to restricted chain mobility 
due to the presence of grafted carboxyl groups.48 Both PEE-g-PE and hydrogenated 1,4-PB-NH2 (PE-5k and PE-10k) were found 
to be semicrystalline. The PE-5k and PE-10k had similar crystallinity (𝑿𝒄) of 35%-38% and a melting temperature (𝑻𝒎) of 95 °C, 
which are lower than the typical values associated with PE of similar molecular weight (𝑿𝒄=73%-68%,  𝑻𝒎=125-128 °C for PE in 
the 4k-9k range).49 This reduction in 𝑿𝒄 and 𝑻𝒎 is likely due to several factors. First, the ethyl branch in PE-5k and PE-10k, 
generated from the hydrogenation of 1,2-butadiene unit, limits the efficient packing of the polymer chain in the crystalline lattice.50 
Additionally, the amine end group of these polymers can also act as defects and strongly associate through hydrogen bonding, 
further hindering the crystallization by limiting chain mobility.

For the graft copolymer PEE-g-PE5k and PEE-g-PE10k, the normalized percent crystallinity is calculated:

𝑿𝒄 =
∆𝑯𝒎

𝟐𝟗𝟑 𝑱 𝒈―𝟏 ×
𝟏

𝑾𝒈𝒓𝒂𝒇𝒕
(𝟏)

where ∆𝑯𝒎 represents the enthalpy of fusion (293 J g−1 for 100% crystalline PE), and 𝑾𝒈𝒓𝒂𝒇𝒕 represents the weight fraction of 
the graft in the copolymer (See Electronic Supplementary information). This normalization accounts for the crystallinity of the PE 
grafts. Both PEE-g-PE5k and PEE-g-PE10k exhibited lower 𝑿𝒄 and 𝑻𝒎 values than their respective hydrogenated 1,4-PB-NH2 
grafts. Specifically, PEE-g-PE5k had a 𝑻𝒎 of 87.7 °C and 𝑿𝒄 of 26%, whereas PEE-g-PE10k had a 𝑻𝒎 of 94.4 °C and 𝑿𝒄 of 30%. 
The lower crystallinity and melting temperature in PEE-g-PE5k were likely due to the presence of an increased number of grafts, 
which impeded polymer chain folding during crystallization and reduced chain mobility.

Figure 7. DSC curves of (A) PEE-g-PE10k, hydrogenated 1,4-PB-NH2 (graft-5k) and hydrogenated 1,2-PB-COOH (backbone), and (B) PEE-g-PE5k, hydrogenated 1,4-
PB-NH2 (graft-10k) and hydrogenated 1,2-PB-COOH (backbone), the crystallinity of PEE-g-PE was normalized by the mass ratio of PE over the total mass of the graft 
polymer. 

Non-isothermal crystallization kinetics of PEE-g-PE

As non-isothermal crystallization conditions more closely resemble industrial polymer processing, understanding the 
crystallization mechanisms and kinetics of these semicrystalline polyolefin polymers is important for informing their processing 
conditions and performance.51 The non-isothermal crystallization thermograms of the polyolefin grafts and PEE-g-PE at different 
cooling rates are shown in Figure 8. As the cooling rate increased, both the onset (𝑻𝒐𝒏𝒔𝒆𝒕) and peak (𝑻𝒑) crystallization 
temperatures shifted to lower values, which are summarized in Figure S7 and Table S2. Meanwhile, the exothermic peak became 
broader with the cooling rate increasing, indicating the formation of imperfect crystal structures upon rapid cooling.52 At the same 
cooling rate in the range from 5 C/min to 40 C/min, the graft copolymers consistently exhibited lower 𝑻𝒑  values than their 
corresponding homopolymers (grafts), suggesting that a greater degree of supercooling was required for crystallization.  However, 
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since the crystallization rates obtained from Avrami analysis were similar (which is discussed in the subsequent section), the 
decrease in 𝑻𝒑  is likely due to a dilution effect exerted by the amorphous backbone, which changes the nucleation efficiency 
rather than significantly reducing the overall crystallization kinetics.53–56 Moreover, 𝑻𝒑 of graft copolymer with lower graft density 
and longer grafts (PEE-g-PE10k) was closer to that of its homopolymer graft (PE-10k) than that of PEE-g-PE5k (Figure S7). This 
result might suggest that the steric constraints in high-graft-density systems hinder chain packing, further delaying crystallization 
onset. In contrast, the longer grafts in PEE-g-PE10k facilitated chain aggregation, promoting crystallization compared to PEE-g-
PE5k.

Figure 8. DSC curves during non-isothermal crystallization at different cooling rates for (A) PE-5k, (B) PEE-g-PE5k, (C) PE-10k, and (D) PEE-g-PE10k.

The Avrami model is well known for describing how solids transform from one phase to another at constant temperature and 
has been widely used for analyzing the isothermal crystallization of polymers.57,58 This method can be extended to describe the 
kinetics of non-isothermal crystallization under the assumption of constant crystallization temperature.53,54,59–62 In this case, the 
Avrami equation is expressed as 

𝑿(𝒕) = 𝟏 ― 𝐞𝐱 𝐩( ―𝑲𝒕𝒏)(𝟐)

or

𝐥𝐨𝐠[ ― 𝐥𝐧(𝟏 ― 𝑿(𝒕))] = 𝒍𝒐𝒈𝑲 + (𝟑) 

where 𝒏 is the Avrami exponent that is related to the mode of nucleation and crystal growth geometry, 𝑲 is the Avrami constant 
that provides the overall rate of crystallization (nucleation and growth rate parameters), and 𝑿(𝒕)is the instantaneous relative 
crystallinity at any time 𝒕, calculated as:

𝑿(𝒕) = 𝑸𝒕

𝑸∞
=

∫𝒕
𝟎

𝒅𝑯
𝒅𝒕

𝒅𝒕

∫∞
𝟎

𝒅𝑯
𝒅𝒕

𝒅𝒕
(𝟒)       
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where 𝑸𝒕 is the instantaneous heat flow, 𝑸∞ is the total heat flow during the crystallization process, and 𝒅𝑯
𝒅𝒕  is the instantaneous 

enthalpy change rate. In non-isothermal conditions, crystallization time (𝒕) can be converted from the crystallization temperature 
(𝑻) using:

𝒕 =  𝑻𝒐𝒏𝒔𝒆𝒕 𝑻
𝝓

(𝟓)                               

where 𝝓 is the cooling rate. Figure S8 shows the evolution of the relative crystallinity of PEE-g-PEs and their corresponding grafts 
with crystallization temperature. The crystallization half-time (𝒕𝟏/𝟐) obtained from Figure S8 was listed in Table S2. As anticipated, 
𝒕𝟏/𝟐 decreased with increasing cooling rate for all samples. This trend is attributed to the greater supercooling at higher cooling 
rates, which enhances the thermodynamic driving force for crystallization and accelerates the crystallization process. 53,62

Figure 9 presents the Avrami plots of 𝐥𝐨𝐠[ ― 𝐥𝐧(𝟏 ― 𝑿(𝒕))] versus 𝐥𝐨𝐠 𝒕 for PEE-g-PEs and their grafts across various cooling 
rates. All samples exhibited two distinct regions, from which the Avrami parameters (𝒏 and 𝑲) were extracted from the slope and 
intercept of the plots, respectively. Considering the non-isothermal character of these measurements, it was established that 𝑲 
should be corrected to obtain the corresponding rate constant (𝑲′, Jeziorny-modified Avrami constant) at a normalized cooling 
rate as follows:53,62,63

𝐥𝐨𝐠 𝑲′ =
𝐥𝐨𝐠 𝑲

𝝓 (𝟔)

All plots displayed an initial region with anomalously low 𝒏 values (lower than 1), which indicated a non-ideal crystallization 
behavior that deviates from the classical Avrami assumptions of constant nucleation rates and isotropic growth.64 This deviation 
may arise from an inhomogeneous distribution of pre-existing nuclei65 or the constrained growth due to structural defects.66 The 
low 𝒏 value was also observed  in linear hydrogenated PB by Heeley et al.67 In their study, low molecular weight hydrogenated 
PB (~15k g/mol) had 𝒏 ~0.3 at early stages of shear-induced crystallization, which were attributed to a low dimensional dendritic 
type of growth unit leading to a non-uniform density within the spherulites. Similar observations have also been identified for low 
molecular weight branched PE.68–70 The calculated values Avrami parameters of the second stage (𝒏𝟐 and 𝑲𝟐′) were summarized 
in Figure 10. The value of 𝒏𝟐 for all samples ranged between 1 and 2 across the experimental cooling rates, indicating 
heterogeneous nucleation with predominantly one-dimensional growth. We noted that some plots possessed a third region near 
the end of crystallization; however, the Avrami exponent of these regions remained within the range of 1-2, indicating no change 
in the crystallization mode. Additionally, as shown in Figure 10B, 𝑲𝟐′ increased with higher cooling rate, consistent with the 
previous 𝒕𝟏/𝟐 observations. The similar 𝑲𝟐′ values (0.7-1.1) across all samples at a given cooling rate suggested that the length 
of the grafts or the graft density does not significantly impact the overall crystallization rate. Similar phenomenon has been reported 
in a previous study associated with understanding the non-isothermal crystallization of long chain branched PE52 and PP-g-
poly(ethylene-co-1-butene) samples.53
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Figure 9. Plots of 𝐥𝐨𝐠[ ― 𝐥𝐧(𝟏 ― 𝑿(𝒕))] versus 𝒍𝒐𝒈 𝒕 for non-isothermal crystallization of (A) PE-5k, (B) PEE-g-PE5k, (C) PE-10k, and (D) PEE-g-PE10k.

Figure 10. (A) Avrami exponent and (B) Jeziorny-modified Avrami constant for non-isothermal crystallization of PE-5k, PEE-g-PE5k, PE-10k, and PEE-g-PE10k.

To further understand the non-isothermal crystallization process of these semicrystalline polyolefin graft copolymers with 
distinct graft density and length, the crystallization activation energy (∆𝑬) was calculated using Kissinger equation:71

𝐥𝐧
𝝓
𝑻𝟐

𝑷
= 𝑪 ―

𝜟𝑬
𝑹𝑻𝑷

(𝟕)

where 𝑪 is a constant, 𝑹 is the gas constant, and 𝑻𝑷 is the peak crystallization temperature. The Plots of 

𝐥𝐧 𝝓
𝑻𝟐

𝑷
 versus 

𝟏
𝑻𝑷

 for all samples are presented in Figure 11. 𝜟𝑬 was calculated from the slopes of these plots as shown in Figure 
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11. Generally, the 𝜟𝑬 consists of the transport activation energy (transport molecular segments across the phase boundary to the 
crystal growth surface) and the nucleation activation energy (the free energy of formation of crystal nuclei with a critical size).72 
We observed an opposite trend in activation energy for the graft polymers with 5k and 10k grafts. PEE-g-PE10k (𝜟𝑬 =362.4 kJ/mol) 
had a higher activation energy than its corresponding homopolymer graft (PE-10k, 𝜟𝑬 =332.3 kJ/mol), whereas PEE-g-PE5k had 
a significantly lower activation energy (186.9 kJ/mol) than PE-5k (300.6 kJ/mol). This trend consists of their overall crystallization 
rate before Jeziorny correction (𝑲, Figure S8). The observed behavior may stem from a competition between nucleation facilitation 
and crystal growth restriction introduced by the graft structure. While grafting facilitates nucleation by providing additional sites 
(reducing the activation energy for nucleation), it simultaneously hinders molecular transport to the crystal growth surface 
(increasing the activation energy of crystal growth). In the case of PEE-g-PE5k, its high graft density and low molecular weight of 
PEE-g-PE5k likely promote nucleation while minimizing transport constraints, leading to lower activation energy. In contrast, the 
longer graft in PEE-g-PE10k experiences greater steric hindrance, limiting the ability of crystal growth and resulting in higher 
activation energy. 

Figure 11. Plots of 𝐥𝐧 𝝓
𝑻𝟐

𝑷
 versus 

𝟏
𝑻𝑷

 for PE-5k, PEE-g-PE5k, PE-10k, and PEE-g-PE10k.

Mechanical properties of PP/PE blends with PEE-g-PE

A preliminary investigation of the compatibilization performance of PEE-g-PEs was conducted using LDPE:iPP (50:50; weight 
ratio) a model blend system. Figure 12 shows the representative stress-strain curves obtained for the blends with and without 2 
wt% PEE-g-PEs. Both LDPE and iPP are well-known for their toughness and ductility.2,34 Blending these two polyolefins together 
results in a very brittle material with a strain at break (εb) of around 20%, similar to previously reported results.28 The addition of 2 
wt% PEE-g-PEs led to more than twofold increase in εb, indicating that the graft copolymer functioned as a compatibilizer in this 
system. The elastic modulus, strain at break and toughness for the neat blend and the blends with graft copolymers were 
summarized in Table S3. Specifically, LDPE/iPP blend with PEE-g- PE10k had a slightly higher strain at break (50%) than the 
blend with PEE-g- PE5k (46%). The elastic modulus of the neat blend and the blend with 2 wt% PEE-g- PE5k were similar (around 
148 -150 MPa), while the modulus of PEE-g- PE10k blend was slightly lower (140 MPa). 

We note that while the observed improvement in ductility was moderate, several factors may influence the efficacy of this graft 
copolymer in blend compatibilization performance and suggest directions for further optimization. First, the chain length of 
backbone used in this study is relatively low. While the molecular weight exceeds the entanglement molecular weight of iPP (Me 
= 6300 g/mol),73 the presence of grafts may hinder entanglement between the PP-like backbone and the amorphous phase of 
iPP. Moreover, the average molecular weight between the grafting points (around 1400 g/mol for PEE-g-PE5k, 2000 g/mol for 
PEE-g-PE10k) is substantially lower than the entanglement molecular weight for iPP, which could further limit the effective 
entanglement.  Second, the unreacted carboxyl group (around 6% per backbond) on the PEE backbone may alter the miscibility 
of the backbone with iPP, while these groups may also promote loop formation via hydrogen bonding, potentially enhancing 
interfacial entanglement between iPP and the PEE backbone. 74 However, the practical effect of these residual functional groups 
remains unclear and need further investigation. Third, prior studies have proved that “thread-the-needle” compatibilization 
mechanism and performance can be highly processing condition dependent, with fast cooling promoting co-crystallization between 
the PE block of the copolymer and the PE homopolymer.34,35 Due to instrument limitations, fast cooling conditions were not 
explored in this study, but we anticipate that processing conditions will influence the compatibilization efficiency of these graft 
copolymers as well. 
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Figure 12. Representative stress–strain curves for LDPE:iPP (50:50) blends with and without 2 wt% graft copolymer PEE-g-PEs.

Experimental section

Material: All solvents were purchased from Fisher Scientific and used as received unless otherwise specified. 1,3-butadiene (20 
wt% in toluene) and pivalonitrile, were obtained from Millipore Sigma and dried over activated molecular sieves for around one 
week before use. Sec-butyllithium (secBuLi) (1.4 M in cyclohexane), anhydrous tetrahydrofuran (THF), azobisisobutyronitrile 
(AIBN), 4-dimethylaminopyridine (DMAP), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCl), and butylated 
hydroxytoluene (BHT) were obtained from Millipore Sigma and TCI and used as received.

Synthesis of amine terminated 1,4-enriched polybutadiene (1,4-PB-NH2): The polymerization was carried out under a nitrogen 
atmosphere according to a reported procedure.39 For a representative reaction for preparing 1,4-PB-NH2 (with 10 kg/mol molar 
mass), 1,3-butadiene solution (103 mL, 17 g 1,3-butadiene, 310 mmol, 182 eq.) and secBuLi solution (1.2 mL, 1.4 M in 
cyclohexane, 1.7 mmol, 1 eq.) were placed in an oven-dried glass pressure tube equipped with a magnetic stirrer. The reaction 
was stirred at 40 °C for 5 h. Before end-capping with pivalonitrile, 1 mL aliquot was withdrawn into methanol to characterize the 
precursor polymer by GPC. Pivalonitrile (0.2 mL, 1.8 mmol, 1.1 eq.) was added to the reaction mixture under a nitrogen 
atmosphere at room temperature. The reaction mixture was stirred for 1 h before the addition of NaBH4 (0.14g, 3.7 mmol, 2.2 
eq.)/ethanol (8 mL) solution. The mixture was then stirred at 50 °C for 18 h before precipitated in methanol. The polymer was 
dried under vacuum at 35 °C for 24 h.

Synthesis of 1,2-enriched polybutadiene (1,2-PB): For a representative reaction of1,2-PB (with 20 kg/mol molar mass), an 
oven-dried  glass pressure tube was equipped with a magnetic stirrer and charged with anhydrous THF (28 mL, 340 mmol, 
[THF]:[Li] = 200:1),  1,3-butadiene solution (206 mL, 33 g 1,3-butadiene, 620 mmol, 365 eq.) and secBuLi solution (1,2 mL, 1.4 M 
in cyclohexane, 1.7 mmol, 1 eq.) by sequence under a nitrogen atmosphere. The mixture was stirred at room temperature for 5 
h. The polymer was precipitated in methanol and dried under vacuum at 35 °C for 24 h. 

Carboxyl functionalization of 1,2-PB (1,2-PB-COOH): 1,2-PB (3 g, 55 mmol double bonds), THF (60 mL), and 3-
mercaptopropionic acid (9 g, 82 mmol, 1.5 eq. to double bonds) was introduced into a three-neck round bottom flask. The mixture 
was sparged with nitrogen for 30 min before heated to 60 °C. AIBN (45 mg, 0.3 mmol, 0.005 eq. to double bonds) was dissolved 
in 1 mL THF and added to the reaction mixture. The reaction was stirred at 60 °C for the specified time to achieve the target graft 
density. For this work, 10% graft density was used and the reaction time was 5 min. The reaction was quenched by pouring into 
a cold BHT/methanol solution. The polymer was precipitated in 10% HCl/methanol solution and dried under vacuum at 35 °C for 
24 h. For the kinetic study, 1 mL aliquot was withdrawn into a cold BHT/methanol solution at each time point.

Grafting 1,4-PB-NH2 onto 1,2-PB-COOH (PBgp): For a representative reaction of PBgp-5k, 1,4-PB-NH2-5k (1 g, 0.2 mmol -NH2, 
1 eq.), and 1,2-PB-COOH (0.13 g, 0.2 mmol -COOH, 1 eq.) was dissolved in DCM (40 mL) and placed in a round bottom flask 
equipped with a magnetic stirrer. DMAP (23 mg, 0.2 mmol, 1 eq.) and EDCl (115 mg, 0.6 mmol, 3 eq.) were added as solids. The 
mixture was stirred at 40 °C for 72 h before precipitated in methanol. The graft polymer PBgp was separated from the unreacted 
1,2-PB-NH2 by preparative GPC system (JAI LaboACE LC5060) equipped with a UV-visible detector. The system was operated 
at room temperature with a mobile phase of chloroform at a flow rate of 5.0 mL/min. Preparative GPC traces for the separation of 
PBgp-5k and PBgp-10k are shown in Figure S10. For a representative separation of PBgp-5k, around 1g of the crude polymer 
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sample was dissolved in 10 mL of chloroform, filtered through a 0.45 µm PTFE syringe filter, and injected to the preparative GPC. 
As shown in Figure S10, the eluted fraction was subjected to GPC recycling for one cycle, and the sub-fraction of PBgp-5k was 
collected, dried and characterized by analytical GPC and NMR to confirm molecular weight distribution and purity (yield: 0.39 g, 
39%).

Poly(ethylethylene-ran-ethylene)-graft-polyethylene (PEE-g-PE): PBgp (0.5 g, 9 mmol double bonds, 1 eq.), p-toluenesulfonyl 
hydrazide (5.2 g, 28 mmol, 3.1 eq.), tributylamine (7.5 mL, 31.5 mmol, 3.5 eq.), BHT (10 mg, 0.045 mmol, 0.005 eq.), and xylene 
(30 mL) were added to a round-bottom flask. The mixture was heated at 140 °C for 24 h. The polymer was precipitated in methanol 
and washed with methanol and acetone until a white solid was obtained. The isolated white powder was dried under vacuum at 
35 °C for 24 h.

General characterization: Nuclear magnetic resonance (NMR) spectroscopy was performed using a Bruker 400 MHz NMR with 
sample concentrations of ≈15 mg mL−1 in CDCl3. Gel permeation chromatography (GPC) measurements were performed for the 
polymers using a TOSOH EcoSEC HLC-8320 GPC with a TSKgel SuperMultiPore HZ-M. The instrument was calibrated with PS 
standards (PStquick MP-M). All of the experiments were done at 40 °C. The mobile phase was HPLC grade THF using a flow rate 
of 1.0 mL min−1. The sample concentrations were 2 mg mL−1 in THF with an injection volume of 10 µL. Fourier transfer infrared 
(FT-IR) spectroscopy was performed on polymer samples using a PerkinElmer FT-IR spectrometer with the universal attenuated 
total reflectance sampling accessory attached. Scans were taken from 3600 to 600 cm–1 at a resolution of 4 cm–1 and an average 
of 32 scans.  The thermal stability was determined via thermogravimetric analysis (TGA) using a thermogravimetric analyzer Q50 
(TA Instruments). In platinum pans, 10−15 mg polymer samples were heated under nitrogen at 10 °C/min up to 800 °C. The 
temperature at which 5% mass loss occurred (Td5) was recorded. The melting and crystallization temperatures (Tm and Tc) of 
samples were obtained using differential scanning calorimetry (DSC) via a TA Instruments Discovery DSC250. Tzero pans and 
lids (from TA Instruments) were used, and a heat–cool–heat cycle was employed with a temperature profile ranging from −50 to 
180 °C at a ramp rate of 10 °C/min. Tc and Tm were determined by the temperature at the peak heat flow from the second and 
third step, respectively. The non-isothermal crystallization kinetics of all polymer samples were studied using a TA Instruments 
Discovery DSC250 differential scanning calorimeter (DSC). A sample size of around 5 mg was used for each DSC run with Tzero 
pans and lids (from TA Instruments). The sample was first heated and equilibrated at 130 °C for 3 min to remove any thermal 
history. The polymer sample was cooled from 130 °C to 0 °C at cooling rates of 5, 10, 20 and 40 °C /min. The crystallization data 
were analyzed using the Avrami model,53,57–59 and an activation energy for non-isothermal crystallization was calculated using the 
Kissinger method.71

Polyolefin blend preparation and tensile test: Blends of 50 wt% LDPE, 50 wt% iPP and 2 wt% (based on the weight of neat 
LDPE/iPP blends) graft copolymers were prepared by an Xplore MC5 microcompounder at 190 °C at a screw speed of 130 rpm 
for 5 min. For the tensile testing, the blends were melt pressed into 0.75 mm thick films at 180 °C for a total of 15 min (10 min 
heating with no pressure and 5 min under 4 MPa) before cooling on an aluminium bench with a steel heat sink on top, holding the 
mold together for 20 min. Dumbbell shaped tensile bars were prepared with a die cutter (3.7 mm gauge width, 12.7 mm gauge 
length). All tensile tests were performed on a Mark-10 F105-EM test frame equipped with a series FS05-50 force sensor with a 
250 N capacity at a strain rate of 22 mm/min. 

Conclusions

This work reports the synthesis of butadiene-derived polyolefin graft copolymers comprising semicrystalline PE-like side 
chain and amorphous PP-like backbone. Our method involves preparing polybutadiene with a 1,4-dominated 
microstructure (containing amine end groups) as grafts and a 1,2-dominated microstructure as backbones, followed by 
grafting carboxyl groups onto the 1,2-PB backbone via thiol-ene coupling and attaching the 1,4-PB grafts through 
amidation. The polybutadiene graft polymers were purified via preparative GPC to remove unreacted homopolymers. 
The shorter graft exhibited higher grafting efficiency due to reduced steric hindrance associated with their lower 
molecular weight. Two graft copolymers with different side chain lengths and densities were prepared by hydrogenating 
polybutadiene graft copolymers. The non-isothermal crystallization of these semicrystalline polyolefin graft copolymers 
and their homopolymer grafts were investigated, which both samples exhibited heterogeneous nucleation with 
predominantly one-dimensional growth. Furthermore, the graft copolymers and the homopolymer exhibited similar 𝑲𝟐′ 
and 𝒕𝟏/𝟐 at a given cooling rate, suggesting that the grafting architecture had limited influence on the overall 
crystallization rate. Interestingly, PEE-g-PE10k and PEE-g-PE5k exhibited opposite trend in activation energy, which may 
stem from a competition between nucleation facilitation and crystal growth restriction introduced by the graft structure. 
A preliminary investigation of the compatibilization performance with LDPE:iPP (50:50) blends showed the ability of 
these graft copolymers to improve blend mechanical performance. These findings provide valuable insight into the 
crystallization behavior of butadiene-derived polyolefin graft copolymers and designing advanced polyolefin materials 
for practical applications.
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