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Abstract  24 

Polyethylenes (PEs) possess unreactive saturated hydrocarbon backbones which make 25 

chemical recycling highly challenging, even at high temperatures. The insertion of strongly-26 

hydrogen bonding amide linkages into the PE backbone can potentially confer recyclability via 27 

amide cleavage and reformation, whilst simultaneously bringing about new materials 28 

properties for functional upcycling. Herein, we demonstrate that in-chain amide insertion can 29 

be performed under a variety of reaction conditions, including the usage of p-cymene as a 30 

bioderived green solvent, with common and low-cost reagents, on both high-density (HDPE) 31 

and low-density PEs (LDPE). ~1 amide bond/ 100 ethylene repeating units can enhance not 32 

only the polymers’ tensile properties, but also elicit unexpected increase in surface 33 

hydrophobicity and solid-state clusteroluminescence that was absent in the parent PEs. 34 

Additionally, we uncover the hitherto-overlooked importance of PE structure on their chemical 35 

recyclability. While low-branching amide-containing HDPE could be hydrolysed and reformed 36 

for three cycles at ≤150 °C without compromising their tensile properties, attempted chemical 37 

recycling of highly-branched LDPE formed a thermoset-like crosslinked polymer with greatly 38 

enhanced ductility. Our findings showcase amide-insertion as a versatile means to access new 39 

functional applications that are originally inaccessible to PEs without requiring additives, with 40 

branching-dependent influences on chemical recyclability for circular polymeric materials 41 

design. 42 

 43 

 44 

 45 

  46 
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Introduction 47 

Polyethylenes are extremely versatile and low-cost plastics, whose annual production exceeds 48 

100 million tonnes. Their utility and popularity across diverse applications stems from their 49 

wide range of material properties accessible, such as density, ductility, tensile strength, melt 50 

point, and resistances toward chemicals and solvents,1, 2 governed by differences in polymer 51 

branching and molecular weight. Despite their ubiquity, the vast majority are disposed by 52 

incineration and landfilling at their end-of-life, with only a small percentage subjected to 53 

mechanical recycling. Unlike closed-loop chemical recycling which allows regeneration of 54 

virgin polymers, mechanical recycling causes inevitable material degradation after repeated 55 

iterations due to unavoidable oxidation and chain cleavage.3 However, in contrast to cleavable 56 

bond-containing polymers such as polyesters, chemical recycling of PE remains highly 57 

challenging and largely impractical due to their unreactive saturated hydrocarbon backbones. 58 

Thus, high temperatures exceeding 700 °C are often required, affording low ethylene monomer 59 

recovery (<30%) with extensive formation of complex mixtures of oligomeric hydrocarbon by-60 

products.4 Enabling chemical recycling under milder conditions allows better control of 61 

depolymerisation pathways, reduced likelihood of thermal decomposition and improved 62 

monomer recovery yields for subsequent repolymerisation.   63 

 In light of that, chemically-recyclable PE-like polymers can be engineered by 64 

incorporating cleavable ester linkages at point-of-synthesis, either through radical ring-opening 65 

polymerisation of cyclic ketene acetals5 or via polycondensation of plant oil-based monomers6. 66 

Additionally, polyethyleneketones synthesised by ethylene-CO copolymerisation offer 67 

opportunities for post-synthetic modification, where the incorporated carbonyl groups are 68 

reactive sites for conversion to esters and amides7, 8. While promising, these methods require 69 

the synthesis of specialised monomers, sourcing of alternative feedstock of higher cost, as well 70 

as significant remodelling of industrial synthesis procedures that can invoke higher capital and 71 

operational expenditures. Recently, post-synthetic insertion9 of cleavable esters and amides 10-72 
12 into the polymer backbone of PEs offered new opportunities to transmutate them into closed-73 

loop recyclable polymers. Compared to the aforementioned alternatives, post-synthetic skeletal 74 

editing offers several advantages: First, it can be performed on PEs at any stage of their life 75 

cycle – being equally feasible on virgin or end-of-life PEs; Next, this minimises disruptions to 76 

existing industrial-scale PE production, as skeletal editing can occur post-synthesis; Finally, 77 

the same skeletal editing procedure can be performed on the vast variety of PEs already 78 

available (e.g. LDPE, HDPE). This allows convenient access to a range of polymers without 79 
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the need for new polymerisation procedures and feedstock to achieve the material diversity that 80 

gives PEs their versatility.  81 

 The grafting of different polar functional groups (e.g. hydroxyl, carbonyl, amides) onto 82 

the barren saturated hydrocarbon PE backbones can confer new properties such as enhanced 83 

adhesiveness and water miscibility13-15, significantly expanding the range of applications that 84 

were previously inaccessible to PE. However, the saturated PE backbone remains 85 

fundamentally unchanged in these cases, preventing chemical recyclability and potentially 86 

complicating the fate of these upcycled polymers at their respective end-of-lives. This inspired 87 

us to explore the possibility of modifying PEs with hydrolysable amide linkages, to 88 

simultaneously enable both improved physical properties,8 as well as chemical recycling, to 89 

close the material loop. Amides are capable of strong hydrogen bonding, which exerts dominant 90 

structure-directing influences on nylons16, 17 and confers unique properties in 91 

polyacrylamides.18 Furthermore, polyamides are susceptible to hydrolytic depolymerisation at 92 

temperatures much lower than that required for PE pyrolysis (≤200 °C).19, 20  Thus herein, we 93 

demonstrate the unique and unexpected effects of inserting amide linkages post-synthetically 94 

into the backbone of both high density (HDPE) and low density polyethylenes (LDPE), via 95 

scalable Beckmann rearrangement reactions, on the polymers’ physical properties and chemical 96 

recyclability (Figure 1). With even a small amount of amide linkages (~1 amide for every 100 97 

ethylene repeating units) present, up to ~3-fold increase in maximum elongation at break was 98 

observed. Unexpectedly, insertion of these polar bonds could increase the surface 99 

hydrophobicity of the resulting polymer films compared to their parent PEs, and bring about 100 

polymer luminescence that was originally absent. Indeed, the ability of this simple chemical 101 

transformation to confer new properties to PEs is advantageous to the conventional usage of 102 

additives, which can complicate waste streams and post-use plastic treatment21, 22, and can pose 103 

hazards to the environment and human health.23, 24 Other than these physical properties, we 104 

highlight the unexpected, yet completely different chemical recycling outcomes associated 105 

with the PE polymer structures: While amide-inserted HDPE (HDPEAm) could be hydrolysed 106 

and repolymerised repeatedly for at least three times, the corresponding modified LDPE 107 

polymer (LDPEAm) formed a thermoset-like crosslinked polymer upon repolymerisation.  108 
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 109 

Figure 1. Schematic illustration showing that post-synthetic amide insertion into the backbone 110 

of PEs confers new functional properties, whilst resulting in structure (branching)-dependent 111 

chemical recyclability.  112 

 113 

Results and Discussion  114 

Enhancement of Diverse Physical Properties after Amide Insertion into PEs  115 

To insert amides into the PE backbone, the polymer was first oxidised to append carbonyl 116 

groups onto the hydrocarbon chain, followed by Beckmann rearrangement using low-cost, 117 

industrially-relevant reagents (Figure 1). LDPE and HDPE were both subjected to post-118 

synthetic amide insertion to demonstrate the feasibility of these modifications on structurally-119 

distinct PEs, and to elucidate the impact of their structure on subsequent chemical recyclability 120 

(vide infra). LDPE oxidation was achieved by benzaldehyde-mediated aerobic oxidation to 121 

form the polyethyleneketone (LDPE-K),25 installing carbonyl groups exclusively (~1% 122 

functionalisation), evident from the dominant triplet signal at 2.39 ppm in the 1H NMR spectra 123 

(Figure 2a, see Figure S6 for full spectrum). Their presence was further corroborated by 124 

characteristic 13C NMR signals (211.2 ppm) (Figure S7) and FTIR C=O stretching frequency 125 

(1720 cm-1) (Figure 2b). Notably, benzaldehyde-mediated LDPE oxidation did not introduce 126 

hydroxyl groups on the methylene protons of the polymer backbone, evident from the absence 127 

of 1H NMR signals around 3.6 ppm.26 Similarly, formation of tertiary hydroxyl groups on the 128 

LDPE branch points (not detectable via 1H NMR spectroscopy) were also not observed, from 129 
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the absence of detectable α-hydroxyl 13C NMR signals between 45-75 ppm in both TCE-d2 or 130 

toluene-d8
 (Figures S7 – S8). For HDPE, as benzaldehyde-mediated oxidation resulted in low 131 

carbonyl functionalisation, we employed an alternative organocatalytic C-H aerobic oxidation 132 

method catalysed by commercially-available tetrachloro-N-hydroxyphthalimide (Cl4-NHPI), 133 

which afforded ~2% carbonyl functionalisation on the resulting HDPE-K.27, 28 Like LDPE 134 

oxidation, carbonyl insertion was dominant, though small quantities of hydroxyl and chloro 135 

functionalisation (<0.1%) were also observed (Figure S17, S18). For both LDPE-K and 136 

HDPE-K, the absence of 1H NMR signals at ~2.7 ppm that corresponded to closely-spaced 137 

carbonyl groups29, indicated that the inserted C=O bonds are not located close to each other, 138 

but are likely randomly positioned along the polymer chain separated by significant lengths of 139 

methylene segments. 140 

  Thereafter, the polyethyleneketones were condensed with hydroxylamine 141 

hydrochloride to form oxime intermediates, which are then subjected to Beckmann 142 

rearrangement using P2O5 that functioned both as an acid and a dehydrating agent. Due to the 143 

excellent solvent tolerance of the polyethyleneketones, these transformations were initially 144 

performed in 1,2,6-trichlorobenzene (1,2,4-TCB). Both LDPEK and HDPEK were converted 145 

to their respective oximes with 93% and 75% conversions respectively. Unlike carbonyls, the 146 

α-protons of oximes are chemically distinct, and are observed at 2.19 and 2.36 ppm (TCE-d2) 147 

(Figures 2a, S9 and S20). Likewise, the appearance of the oximes’ characteristic 13C NMR 148 

signal (C=N-OH) at 162.9 ppm30  (Figures S10 and S21) is indicative of its formation. 149 

Subsequently, Beckmann rearrangement was successfully performed on the PE-oximes, 150 

converting them to LDPEAm and HDPEAm, containing 0.84% and 0.96% amide 151 

functionalisation respectively (Figures S11 and S22). Their presence was indicated by the 152 

replacement of the oxime 1H NMR signals with new signals corresponding to the amide α-153 

protons: a quartet at 3.25 ppm (CH2-NHCO-) and a triplet at 2.15 (NHCO-CH2-) (Figure 2a); 154 

as well as the diagnostic 13C NMR amide carbonyl signal at 172.9 ppm (Figures S12 and S24). 155 

Better carbonyl-to-amide conversions were obtained for LDPE compared to HDPE, largely due 156 

to the superior solubility of the LDPE derivatives, allowing the sequential transformation 157 

reactions to be performed at lower temperatures that reduced the likelihood of side reactions 158 

occurring, particularly in the presence of highly reactive P2O5. Indeed, under the conditions for 159 

Beckmann rearrangement of HDPEOxi at 120 °C, several additional signals corresponding to 160 

unidentified functional groups were observed (Figures S22 – S23), which were not seen for 161 

the corresponding reaction for LDPEOxi at 65 °C (Figure S11). Regardless of this, the multi-162 
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stepped amide insertion process yielded mainly amide linkages in the final polymers for both 163 

HDPE and LDPE, which is notable considering that errors in skeletal editing are often 164 

structurally encoded permanently into the polymer product. Comparing the resulting polymers’ 165 
1H NMR amide α-proton signals with that of an aliphatic model amide (Figures 2a and S1) 166 

indicates that the amide linkages inserted into PE are well-separated from each other on the 167 

hydrocarbon chain, as expected from the grafting of spatially-separated carbonyl groups 168 

aforementioned. Additionally, the amide-carbonyl FTIR stretches at 1647 and 1649 cm−1 for 169 

LDPEAm and HDPEAm (Figures 1c and S36) respectively are indicative of disordered 170 

hydrogen bonded carbonyl groups,31 further supporting the random amide positioning which 171 

can disrupt chain packing regularity,32 with implications on material properties (vide infra). 172 

 Performing the post-synthetic amide insertion in a homogeneous phase enables 173 

dispersal of the polymer in the solvent, facilitating access of reagents to reactive sites for 174 

chemical transformations to occur. However, the known solvent resistance of PEs restricts the 175 

range of usable solvents to either health- and environmentally-hazardous aromatic or 176 

chlorinated solvents.7, 26, 33, 34  To improve the sustainability of amide insertion reactions, we 177 

thus explored replacing 1,2,4-TCB with p-cymene, a biorenewable solvent obtained as a by-178 

product of citrus fruit processing 35, 36 and has been used as a sustainable alternative to 179 

conventional aromatic solvents, even on industrial scales. 36-39 Both HDPEK and LDPEK were 180 

found to be miscible with p-cymene when heated, allowing high degrees of conversion (~80%) 181 

(Figures S14 and S31) to the oximes under identical conditions as 1,2,4-TCB. Similarly, 182 

higher degree of transformation to amides (93%) was achieved with LDPEOxi compared to 183 

HDPEOxi (66%), obtaining polymers containing 0.8% and 1.0% amide functionalisation 184 

respectively (Figures S15 and S32), owing to the latter’s poorer solubility which required 185 

higher temperatures for miscibility. While the initial oxidation of HDPE to HDPEK could not 186 

be performed using p-cymene due to the possibility of solvent oxidation40, this reaction can 187 

also be mediated by benzaldehyde, obtainable from biomass sources41, albeit with lower 188 

degrees of carbonyl functionalisation (Figure S16). Together with our usage of readily-189 

available, low-cost reagents, our findings suggest the possibility of performing such post-190 

synthetic amide insertions under sustainable, potentially-scalable batch reaction conditions. 191 
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 192 

Figure 2. a) Stacked 1H NMR spectra (TCE-d2) showing the diagnostic signals corresponding 193 

to intermediates during insertion of amides into LDPE. b) FTIR spectra of LDPE-derived 194 

ketone, oxime and amide. 195 

 196 

Analyses of the PEs’ molecular weight changes after insertion of amide linkages by 197 

high temperature GPC revealed reduction in their molecular weights, with a greater extent of 198 

chain cleavage observed for HDPE compared to LDPE (Table 1, Figure S37). This suggested 199 

the possibility of changes in the structure of the parent PEs during the amide insertion process. 200 

To ascertain that HDPEAm and LDPEAm retained their low and high extents of branching 201 

after amide insertion, we performed 13C NMR analyses to identify characteristic resonances 202 

arising from the various carbon environments around branch-points (Figures S33 – S34).42 203 

Aerobic oxidation of LDPE to LDPEK, oxime formation and Beckmann rearrangement to form 204 

LDPEAm retained all the characteristic signals from 1°, 2° and 3° carbon positions that were 205 

originally present in the parent LDPE (Figure S33). Similarly, the 13C spectra of HDPEAm 206 

and the intermediates did not show detectable evidence of new methine (-CH-) signals that 207 

would indicate additional branch formation (Figure S34)43. Thus, amide-insertion into the PE 208 

backbones can largely retain the branching intrinsic to the parent polymer, in spite of their 209 

observed molecular weight reduction. 210 

 The effects of amide insertion on PE properties on the tensile properties of the resulting 211 

polymers were first determined in comparison with their parent PEs. Even a small degree of 212 

amide insertion (~1 amide/100 repeating units) was sufficient to bring about significant 213 

increases in ultimate tensile strength, elongation and maximum stress at break (Figure 3a, 214 
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Table 1), with similar Young’s modulus as the parent polymers. A greater extent of tensile 215 

property enhancement was observed for LDPEAm than HDPEAm compared to their parent 216 

PEs. For instance, amide insertion could increase LDPE’s ultimate tensile strength and strain 217 

at break by ~1.5- and ~3-fold respectively.  However, HDPEAm only showed a ~1.1-fold and 218 

~1.3-fold enhancement in the same parameters respectively compared to HDPE. We observed 219 

that the polymer concentration during the P2O5-mediated Beckmann rearrangement could 220 

influence the mechanical properties of HDPEAm: a HDPEOxi concentration of 0.04 g/mL 221 

afforded HDPEAm with the aforementioned enhanced tensile properties, whilst higher 222 

concentration of 0.057 g/mL resulted in brittle polymers (Figure S42). It is noteworthy that 223 

unlike ester incorporation which can result in poorer tensile behaviour,44 amide insertion 224 

resulted in the opposite effect. Even with a considerable reduction in molecular weight after 225 

amide insertion, enhancement of tensile properties for HDPEAm remain observable and 226 

significant. 227 

 228 

Table 1. Changes in physical properties of polymers after amide insertion into HDPE and 229 

LDPE. 230 

Property HDPE HDPEAm LDPE LDPEAm 

Mn/ kDa a 8.4 4.0 6.2 5.4 

Mw/ kDa a 125.1 41.1 70.1 52.5 

PDI a 15 10 11 9.8 

Tc /°C b 113.5 85.4 78.5 70.4 

Tm /°C b 129.2 111.5 94.4 93.9 

Td /°C c 461.8 434.4 438.5 453.9 

Ultimate tensile strength 

/MPa d,e 

14.34 ± 0.24 16.33 ± 0.57 5.98 ± 0.09 8.38 ± 0.81 

Elongation at break /% d,e 87.2 ± 16.4 117.2 ± 17.8 30.4 ± 3.0 102.1 ± 5.5 

Max stress at break /MPa d,e 11.98 ± 0.60 13.78 ± 0.88 5.94 ± 0.05 8.17 ± 0.81 

Young’s Modulus /108 Pa d,e 2.66 ± 0.31 2.72 ± 0.58 1.19 ± 0.42 0.92 ± 0.14 

Water contact angle/° e 88.3 ± 0.4 103.7 ± 2.2 100.8 ± 2.0 106.5 ± 2.3 

Determined via ahigh-temperature GPC analyses, with molecular weights determined against 231 

polystyrene standards, polydispersity index (PDI) = Mw/ Mn;
 Determined by bDSC and c from 232 

the extrapolated onset temperatures from the TGA curve;  dDetermined from tensile analyses; 233 
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evalues are the averages of three repeats. See Supporting Information for details of the 234 

respective analyses. 235 

 236 

 To elucidate the influences of amide hydrogen bonding on the PEs’ tensile properties, 237 

molecular dynamics (MD) and density functional theory (DFT) simulations were performed 238 

on a linear HDPE model containing 200 repeating methylene units45. DFT modelling indicates 239 

that with just 1% backbone amide incorporation, the binding strength between the oligomers 240 

increased significantly as a result of NH∙∙∙O hydrogen bonding between interchain amide 241 

groups that was not possible in HDPE model (Figure 3b, Section S14). This contributed to a 242 

higher degree of cohesional entanglement from non-covalent interactions between 243 

neighbouring chain segments (Figure S57e).46 Upon stimulated deformation of HDPEAm 244 

oligomers, the average number of hydrogen bonds decreased from 1.6 to 1.4 per chain (Figure 245 

S57f), resulting in energy dissipation that accounts for the higher toughness and ultimate tensile 246 

strength observed in HDPEAm. At the same time, computational analyses indicated that 1% 247 

amide incorporation results in a decrease in polymer crystallinity (Figure S57a, Supporting 248 

Information), which was corroborated by XRD analyses showing a reduced ratio of integrated 249 

intensities between the crystalline and amorphous domains (Figure 2c and S45 – S48, 250 

Supporting Information). This indicated that the inserted amides disrupted the PEs’ 251 

orthorhombic crystal structure47, likely due to a combination of ‘kink’ formation that disrupted 252 

chain packing regularity and additional hydrogen bonding, further corroborating the 253 

aforementioned amide-carbonyl FTIR stretches indicative of disordered hydrogen bonded 254 

carbonyl groups (Figures 2b, S36). From the surface topology of the annealed HDPEAm dog-255 

bone specimens via AFM (Figure 4a or S51), both amorphous and lamellar structures were 256 

present, which contrasts with the regularly-distributed lamellae (~30 nm) seen for HDPE with 257 

its higher degree of crystallinity (Figure S49). The resulting two-phase morphology with semi-258 

crystalline domains dispersed in an amorphous matrix which contributes to the excellent 259 

mechanical properties of HDPEAm, which has also been observed for different polyamide 260 

systems.32, 48, 49 Compared to HDPEAm, the observed greater enhancement in tensile properties 261 

of LDPEAm compared to the parent polymer may be attributed to contributions from both 262 

higher polymer molecular weight, as well as the influences of branching on cohesional 263 

entanglement brought about by NH∙∙∙O hydrogen bonding, and topological entanglement 264 

between polymer chains.46, 50   265 
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 266 

Figure 3. Material characterisation of HDPEAm and LDPEAm specimens. a) Stress-strain 267 

curve of the PE-derived polyamides (solid lines) compared to the original PE polymers (dashed 268 

lines). b) Scatter maps of δginter versus sign(λ2)ρ of interacting HDPE (left) and HDPEAm 269 

(right) oligomers, with their optimised structures and sign(λ2)ρ colored δg
inter isosurface maps 270 

(Independent gradient model based on Hirshfeld partition analyses via Multiwfn)51-63. c) 271 

Stacked powder XRD analyses showing changes in crystallinity of PEs upon in-chain amide 272 

insertion. All analysis samples were fabricated materials processed with the same method (refer 273 

to Figure S45 – S48 for the processing method, Supporting Information). 274 

  275 

Amide insertion into the PE backbone was found to bring about unexpected changes in 276 

the surface hydrophobicity of HDPEAm and LDPEAm compared to their PE precursors. 277 

Although the inclusion of polar amide linkages is expected to increase polymer hydrophilicity, 278 

water contact angle (WCA) measurements performed on annealed dog-bone specimens 279 

(Figure 4b and S43) showed an increase in surface hydrophobicity for both HDPEAm (ΔWCA 280 

= ~15°) and LDPEAm (ΔWCA = ~6°). Comparing the surface granularity of HDPE and 281 
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HDPEAm dog-bone specimens indicated a possible origin of this phenomenon (Figure 4c): 282 

HDPEAm possessed ~8.8 times more grains detected with a total detected granularity area ~3.7 283 

times more than HDPE. More extensive granularity suggest that HDPEAm’s enhanced 284 

microscale roughness could enhance surface hydrophobicity64 via a ‘pseudo-lotus effect’, akin 285 

to the villi-structured papillae of lotus leaves eliciting superhydrophobicity.65 This may be 286 

attributed to the random, sporadic locations of the amide linkages in the polymer chain, whose 287 

NH∙∙∙O hydrogen bonding induces irregular chain folding by alignment of hydrophobic 288 

polymer segments to form surface protrusions upon annealing. The greater increase in 289 

hydrophobicity upon amide insertion to HDPE compared to LDPE may be a consequence of 290 

the former’s originally more regular polymer packing, where AFM imaging showing that 291 

lamellar structures indicative of ordered alignment of polymers in crystalline domains were 292 

observed for HDPE but not LDPE (Figure S49 – S50), leading to a greater change in surface 293 

roughness upon polymer skeletal editing. Our observed enhancement of polymer surface 294 

hydrophobicity from low extents of in-chain amide linkage insertion contrasts with polyamides 295 

comprising of regularly-spaced amide linkages, which are more hydrophilic than PE.66 296 

Additionally, this also differs from the increase in hydrophilicity reported when amides are 297 

appended onto the PE backbone, even if these appended amides themselves contain 298 

hydrophobic aryl groups67. The measured WCA for our PE-AMs are similar to those of 299 

fluorinated polymers such as PTFE68 or PVDF69, suggesting that these modified PEs may be 300 

potential replacements (for water resistive applications) for these fluorinated polymers that can 301 

release PFAS when degraded.70 302 
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 303 

Figure 4. Surface analyses of HDPEAm and LDPEAm specimens. a) AFM phase image of 304 

HDPEAm (5 x 5 µm) depicting lamellar structures (solid circle) and micro-roughness resulting 305 

from irregular agglomeration of the polymer chains (dashed circle). b) Water-contact angles of 306 

LDPE, LDPEAm, HDPE and HDPEAm. c) Granularity of HDPE and HDPEAm surface 307 

quantified using particle analysis of the phase images of HDPEAm and HDPE surfaces by a 308 

threshold (45%) detection method. Red shaded area denotates detected grains. The formation 309 

of micro-protrusions on the HDPEAm surface due to hydrogen bonding of randomly spaced 310 

in-chain amides is depicted. 311 

  312 

 Having established the effects of in-chain amide insertion on the mechanical and 313 

surface hydrophobicity on PE s, we next investigated if their presence can alter the luminescent 314 

properties of the polymers. When excited at 390 nm, HDPEAm and LDPEAm containing ~1% 315 

in-chain amide linkages showed visible luminescence detectable by the naked eye (Figure 5a). 316 

The emission spectra of the PEAm polymers recorded in suspension in either toluene or TCB 317 

at 25 °C at 1 mg/mL (λex = 390 nm) showed emission peaks at 442 nm and 495 nm in toluene 318 

and TCB respectively (Figure 5b). Under identical conditions and concentrations, the parent 319 

PEs showed no detectable emission (Figure S52), clearly indicating that the observed 320 
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fluorescence did not originate from any trace additives that may be present in the PE precursors. 321 

Significant but less intense emission peaks were observed at lower and higher wavelengths 322 

(Figure 5b), suggesting the possible presence of different emissive species. When warmed to 323 

50 °C, dissolution of the polymers in toluene at the same concentration resulted in complete 324 

loss of fluorescence (Figure 5c). The detectable fluorescence in the solid state, but not when 325 

dispersed in dilute solution, is consistent with fluorescence originating from the clusterisation 326 

triggered emission (CTE) mechanism71. Through-space conjugation of localised clusters of 327 

amide linkages, which could account for the aforementioned surface roughness enhancement, 328 

can allow n–π*/π –π * electronic interactions through overlap of their electron clouds in close 329 

proximity to form nonconventional luminogens72, which were lost when these interactions 330 

were disrupted upon dissolution to form dilute solutions. It is possible that the strong hydrogen 331 

bonding between amides, indicated by FTIR (Figure 2b), enhances structural rigidity that 332 

reduces non-radiative energy losses. The similar emission profiles of both HDPEAm and 333 

LDPEAm (Figure 5b) suggests that there are restrictions in conformations in the ensemble 334 

distribution of amide clusters that can be formed in spite of the different extents of branching 335 

between both polymers. Although such CTE-luminescence has been observed with non-336 

aromatic polyamides such as nylon-6 73 and polyaminoamides74-76 with high functional group 337 

density, this optical phenomenon was also present with oxidised PEs possessing low degrees 338 

of alcohol, carbonyl and ester functionalisation11, 77. We thus further investigated the possibility 339 

of using the amide-containing HDPEAm as a luminescent additive to HDPE, potentially 340 

bringing about cost savings. Mixtures containing different weight ratios of HDPEAm and 341 

unfunctionalized HDPE, subjected to homogenisation under applied pressure and heat, still 342 

exhibited CTE-luminescence upon irradiation under 390 nm light (Figure S55). The 343 

clusteroluminescence of the PEAms offer the possibility for upcycling PEs for potential 344 

sensing applications, and could also act as intrinsic fluorescent markers to facilitate polymer 345 

sorting from mixtures without the need for luminescent marker additives. 346 
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 347 

Figure 5. Non-chromophore luminescence of HDPEAm and LDPEAm. a) Irradiation of 348 

the original PE powders and their in-chain amide-inserted counterparts under ambient lighting 349 

and 390 nm. b) Stacked normalised emission spectra of LDPEAm (top) and HDPEAm (bottom) 350 

in TCB (red) and toluene (blue). c) Stacked emission spectra of LDPEAm (top) and HDPEAm 351 

(bottom) when suspended in toluene at RT and dissolved at 50 °C (λex = 390 nm) All emission 352 

spectra were recorded at [polymer] = 1 mg/mL. 353 

 354 

  355 
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Parent PE Structure-dependent Chemical Recyclability  356 

Chemical recycling of the amide-inserted PEs was evaluated through repeated cycles of 357 

polymer hydrolysis and amide reformation. Compared to thermal PE depolymerization, that 358 

often occurs at temperatures >700 °C and produces low ethylene selectivity due to random 359 

chain scissions,4 the in-chain amides allow site-selective cleavage to occur under much milder 360 

conditions at 130 °C in refluxing aqueous HCl for 24 hours. Successful amide hydrolysis of 361 

HDPEAm was observed from the appearance of the distinct 1H NMR signals of the α-362 

methylenes to -COOH (triplet centred ~2.38 ppm) and -NH2 (broad peak centred ~3.05 ppm) 363 

groups, with a corresponding reduction in the relative intensity of the amide signal (CH2-364 

CONH, ~2.15 ppm) (Figure 6a). Subsequent reformation of the polyamide (HDPEAm-r) was 365 

performed using the neat hydrolysed polymer fragments mediated by titanium(IV) 366 

isopropoxide (TIP) at ≤150 °C (see Supporting Information for detailed procedure), as 367 

evidenced by the reappearance of the characteristic amide triplet 1H NMR signal at 2.15 ppm 368 

and quartet at 3.25 ppm. Using the same procedures, we were able to demonstrate acid-369 

mediated polyamide hydrolysis and condensation for an additional two cycles (Figures S27 –370 

S30). In all iterations, >90% of the original HDPEAm feed could be retained by mass, with the 371 

notable absence of significant additional functionalities on the polymer during repeated 372 

hydrolysis-reformation through 1H NMR analyses. This outcome contrasted with high-373 

temperature pyrolytic PE recycling where recovery of ethylene for repolymerisation is typically 374 

<30 %, with the remainder lost through side product formation from multiple competing 375 

decomposition pathways.78, 79  376 

  Polyamide reformation from HDPEAm largely retained its thermal stability, with 377 

decomposition temperature showing a slight increase from 434 °C (HDPEAm) to 442 °C 378 

(HDPEAm-r3, after the 3rd cycle of reformation) (Table 2). Similarly, Tm was maintained 379 

between 110-120 °C throughout 3 cycles of hydrolysis-reformation. Additionally, the reformed 380 

polyamides generally possessed improved mechanical properties compared to HDPEAm, with 381 

ultimate tensile strength and elongation at break increasing by up to ~48% and ~23% 382 

respectively compared to the original HDPEAm (Figure 6b). The reformed polyamides were 383 

found to exhibit poorer solubility than HDPEAm, which precluded representative high-384 

temperature GPC analyses of their molecular weight and polydispersity. Nonetheless, when 385 

taken together, these characterisations suggested the possibility of further extensions of the 386 

polymer chains upon repeated amide formation. Compared to mechanical recycling, which 387 

inevitably leads to polymer chain scission that compromises on the polymers’ material 388 
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properties80, amide reformation potentially allows restoration and even improvements on the 389 

thermal and mechanical properties of HDPEAm. Additionally, it offers opportunities to 390 

compensate for any loss in polymer mechanical properties resulting from the initial PE amide 391 

insertion (Table 1), simply by controlling degree of polymerisation of the hydrolysed 392 

HDPEAm fragments. 393 

 Attempted hydrolysis and amide reformation on LDPEAm resulted in very different 394 

outcomes to HDPEAm. Like HDPEAm, hydrolysis of LDPEAm in refluxing HCl resulted in 395 

the appearance of the distinct 1H NMR signals of the -COOH α-protons (2.38 ppm) and -NH2 396 

(broad peak centred ~3.05 ppm) that were originally not present, accompanied by a decrease 397 

in relative intensity of the corresponding amide α-proton signal at 2.23 ppm (Figure S13). 398 

When the partially hydrolysed polymer was subjected to TIP-mediated amide reformation, we 399 

obtained a crosslinked polymer (LDPEAm-r) (68% gel fraction in chloroform) that showed 400 

sparing solubility (i.e. excellent solvent resistance) to both 1,1,2,2-tetrachloroethane or 1,2,4-401 

TCB at 130 °C for up to 72 h – conditions that are known to dissolve PE and derivatives81.  402 

Due to its poor solubility, 1H NMR and GPC analyses could not be performed to determine the 403 

degree of amide reformation or changes in molecular weight. To further assess the chemical 404 

stability of LDPEAm-r, we subjected the polymer to hydrolysis and alcoholysis under forcing 405 

thermal and microwave-assisted conditions in the presence of acid or base (Section S15). In 406 

all cases, no visible polymer dissolution or degradation was detected, suggesting the potential 407 

suitability of LDPEAm-r in moderate chemi-resistive applications. 408 

 To probe the nature of chemical crosslinking in LDPEAm-r, XPS analyses was 409 

performed, and the N1s spectrum was compared with that of the partially-hydrolysed 410 

LDPEAm-h and parent LDPEAm prior to attempted chemical recycling. Like LDPEAm, the 411 

N1s spectrum of LDPEAm-r showed a single dominant peak with binding energy of 399-400 412 

eV arising from the amide nitrogen atoms (Section S13, Figure S56). In contrast, two distinct 413 

peaks were evident from the spectrum of partially-hydrolysed LDPEAm-h at 399.8 and 401.3 414 

eV that could be assigned to amides and protonated primary amines respectively.82 These 415 

findings clearly indicated the dominance of amide functionalities in LDPEAm-r from 416 

polycondensation of the oligomeric fragments of LDPEAm-h. Additionally, we performed a 417 

control experiment by subjecting the unreacted parent LDPE polymer to the same hydrolysis 418 

and TIP-mediated reformation reactions used for LDPEAm, which resulted no additional 419 

polymer functionalisation or crosslinking (Figure S35). These demonstrated that the 420 

crosslinking in LDPEAm-r likely resulted from amide reformation. 421 
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 Compared to LDPEAm, the repolymerised LDPEAm-r showed similar thermal stability 422 

with Td unchanged at 454 °C, though a slight decrease in melting temperature was observed 423 

(Table 2, Figure S38). Despite crosslink formation, LDPEAm-r was largely amenable to 424 

compression moulding, with the resulting dogbone fragments showing small extent of 425 

heterogeneity due to non-uniform melting even using a hot press at 260 °C. Nonetheless, the 426 

resulting measured tensile properties may be taken as an estimate for comparison against 427 

LDPEAm (Table 1).  LDPEAm-r had greatly improved polymer ductility, possessing 7.5x and 428 

2.2x increased elongation at break compared to LDPE and LDPEAm respectively as a result 429 

of polymer chain interconnection (Figure 6c).83 However, a significant reduction in polymer 430 

rigidity was observed, as indicated by the decrease in Young’s modulus from 92 MPa in 431 

LDPEAm to 27 MPa in LDPEAm-r. This was likely attributable to the decrease in polymer 432 

crystallinity upon formation of the crosslinked LDPEAm-r which hindered polymer chain 433 

packing, with XRD analysis showing a marked reduction in percentage crystallinity from 43.5% 434 

in LDPEAm to 24.8% in LDPEAm-r (Figure S44), being similarly reflected in the decrease in 435 

Tc observed by DSC (Table 2).   436 

 437 

Table 2. Physical properties of HDPEAm-r and LDPEAm-r after each iteration of 438 

repolymerisationa. 439 

Property Repeated HDPEAm recycling LDPEAm-r 

HDPEAm-r1 HDPEAm-r2 HDPEAm-r3  

Tc /°C a 99.8 103.0 100.3 64.4d  

Tm /°C a 117.5 115.8 114.8 88.2d  

Td /°C b 438.2 438.5 441.8 454.1  

Ultimate tensile 

strength /MPa c 

16.13 ± 0.69 16.31 ± 0.56 24.29 ± 1.22 6.39 

Elongation at break /% c 124.7 ± 1.0 149.6 ± 10.6 144.4 ± 47.9 233.2 

Max stress at break 

/MPa c 

14.54 ± 0.47 14.61 ± 0.85 22.36 ± 2.01 5.97 

Young’s Modulus /108 

Pa c 

3.03 ± 0.07 2.45 ± 0.69 2.24 ± 0.12 6.39 

aProperties of the parent HDPEAm and LDPEAm used for chemical recyclability are 440 

summarised in Table 1. Thermal properties of the polymers determined via aDSC and bTGA 441 
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(See Supplementary Information). bextrapolated onset temperatures from the TGA curve;  442 
cDetermined from tensile analyses (See Supplementary Information), values are the averages 443 

of three repeats; d Due to crosslinked nature of LDPEAm-r, exothermic and endothermic peaks 444 

in its DSC curve corresponds to the crystallization and melting of residual hydrolysed 445 

fragments or loosely crosslinked segments.  446 

  447 

 The stark differences observed upon attempted chemical recycling of HDPEAm and 448 

LDPEAm containing similar extents (~1 mol%) of amide functionalisation, strongly implied 449 

that the extent of PE branching could affect its chemical recyclability upon in-chain amide 450 

insertion. The amide linkages are likely located randomly on the polymer chains, dependent on 451 

the sites of initial carbonyl functionalisation, which has been shown by 1H NMR to be widely 452 

spaced apart and not clustered together (vide supra). With HDPE containing few branches (13C 453 

NMR (Figure S34), it is statistically likely for the amides to be present along the main chain. 454 

Amide hydrolysis thus cleaves the polymer into largely linear fragments, which can be 455 

recombined to form similarly linear, albeit possibly longer polymer chains, upon subsequent 456 

polycondensation (accounting for the observed poorer polymer solubility) (Figure 6d). In 457 

contrast, the highly branched nature of LDPE (Figure S33) allows the amides to be inserted at 458 

random sites on both the main chain and branches. When hydrolysis occurs, branched 459 

fragments containing multiple reactive termini can be formed (Figure 6e). Since the 460 

recombination of these fragments can theoretically occur between any accessible carboxylic 461 

acid and amine site, amide polycondensation will thus result in scrambling of these oligomeric 462 

fragments. It is thus possible that PE chains can be crosslinked by oligomeric fragments that 463 

contain multiple reactive termini, to form a crosslinked thermoset-like polymer. At the same 464 

time, low molecular weight oligomers may also be formed from recombination of short 465 

fragments that can be dissolved in organic solvents, accounting for the moderate gel fractions 466 

observed for LDPEAm-r. Although crosslinking can also theoretically occur between any 467 

tertiary alcohols present (formed on the LDPE branch points after oxidation) with COOH-468 

containing fragments, we were able to exclude this possibility from their absence on LDPEK 469 

as determined by 13C NMR analysis (Figures S7 – S8). These findings thus suggest that 470 

insertion of cleavable bonds (e.g. amides) into unreactive PE backbones may only confer 471 

chemical recyclability if the parent polymer was largely linear. Though the presence of 472 

branches in LDPEAm gives rise to very different material and recyclability outcomes (Figure 473 

6f), the ability to transform LDPEAm into a thermoset simply by hydrolysis and 474 
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polycondensation offers a convenient and low-cost method to synthesise chemo- and thermo-475 

resistive polyamide thermosets. This contrasts with conventional methods which can involve 476 

thermal curing (typically >200 °C)84  or photocuring using synthetically-challenging 477 

monomers85, 86. This strategy could also offer an opportunity to tune crosslinking degree and 478 

the resulting properties of the thermosets by controlling the feed ratios, and judicious selection 479 

from the wide assortment of existing PE precursors with different degrees of branching. 480 
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 481 

Figure 6. a) Stacked partial 1H NMR spectra of HDPEAm, the acid-hydrolysed and 482 

repolymerised products (spectra referenced to 2.38 ppm [CH2COOH] for clarity due to 483 

differing product solubility in TCE-d2, necessitating different temperatures). b) Representative 484 

stress-strain curves of HDPE, HDPEAm and the reformed polyamides after successive 485 
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iterations of chemical recycling. c) Representative stress-strain curves of LDPE, LDPEAm and 486 

the crosslinked polyamide. Schematic depiction showing the effects of polymer branches on 487 

hydrolysis and condensation of d) HDPEAm and e) LDPEAm. f) Radar plots summarising the 488 

differences in material properties and recyclability of HDPEAm (left) and LDPEAm (right) 489 

after 1 cycle of amide reformation. 490 

 491 

Conclusions 492 

In conclusion, we have demonstrated how post-synthetic insertion of hydrolysable amide 493 

linkages into unreactive PE hydrocarbon backbones can augment a host of diverse physical 494 

properties, whilst concurrently introducing a new circular phase into their traditionally linear, 495 

unsustainable life cycles. Such amide insertion can occur on different types of PE polymers, 496 

with the usage of common, low-cost reagents and green bioderived solvents enhancing its 497 

attractiveness for industrial translation. Even a small amount of inserted amides was sufficient 498 

to influence polymer self-assembly and interactions through hydrogen bonding and 499 

entanglement, in turn enhancing macroscopic material properties such as tensile strength, 500 

elongation at break and even surface roughness that led to unexpected enhancement in 501 

hydrophobicity compared to the parent PEs. Additionally, the amides enabled through-space 502 

electronic interactions that led to formation of non-traditional luminophores that manifested in 503 

detectable luminescence in the solid state that was not present in the original PEs. Compared 504 

to conventional methods for improving mechanical properties87, hydrophobicity88 and 505 

conferring fluorescence89 to PEs through additive incorporation, the ability to confer these 506 

properties simply by amide insertion avoids these additional materials, which can complicate 507 

waste streams and increase the complexity of recycling. These properties also offer new 508 

possibilities for PEs to be used in applications traditionally inaccessible to the parent polymers, 509 

such as PTFE replacements or in anti-counterfeiting that exploits the resulting greater 510 

hydrophobicity and luminescence respectively, to name a few. 511 

 Our study also uncovered the important, but hitherto-overlooked influences of the 512 

parent polymer branching structure on chemical recyclability of PE containing randomly-513 

positioned in-chain amides. For HDPE containing low branching, we demonstrated three 514 

cycles of repeated amide hydrolysis and reformation could be achieved below 200 °C, without 515 

significantly compromising material and thermal stability. In contrast, the presence of amide 516 

linkages on the extensively branched structure of LDPE resulted in the formation of a 517 
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thermoset-like crosslinked polymer upon hydrolysis and amide reformation, which showed 518 

greatly augmented ductility, excellent solvent and chemical resistance. Although the PE resins 519 

used in this proof-of-concept study possess relatively low molecular weight, we expect that the 520 

findings herein to be also applicable to real-life PE samples of higher molecular weight. 521 

Nonetheless, the diverse functional material properties observed herein upon amide insertion 522 

into PE backbones complement those from appending heteroatom-containing functional 523 

groups (e.g. hydroxyl, carbonyl and oximes) onto the polymer15, 33, and provide improved 524 

tensile behaviour compared to ester linkage insertion (Table S5).7, 11 Our findings demonstrate 525 

the possibility of allowing both recyclability and PE upcycling by post-synthetic insertion of 526 

only amide linkages into the polymer backbone, thus providing new perspectives into 527 

functional upcycling and engineering circular materials from ubiquitous PE plastics for a more 528 

sustainable materials economy. 529 

  530 

Data Availability  531 

The data that support the findings of this study are presented in the Supplementary Information, 532 

and are available from the corresponding authors on reasonable request.  533 
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