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Abstract: Polyethylene materials are highly important polymers 

which are produced in the largest volume among all plastics. Due to 

the chemical inert property of saturated carbon-carbon bonds, the 

degradation of polyethylene is extremely challenging, which prevents 

them from efficient chemical recycling. Installing functional groups in 

the main chain of polyethylenes may facilitate the degradation and 

following chemical recycling of polyethylene materials. Here we report 

a highly selective approach for the synthesis of high density 

polyethylenes bearing low content isolated in-chain carbonyls. Linear 

high-molecular weight polyethylene chains are synthesized via the 

palladium catalyzed copolymerization of ethylene with metal 

carbonyls. Different from traditional ethylene/CO copolymerization 

reactions, excellent non-alternating selectivity has been achieved. 

While the properties of polyethylene have been retained in the 

copolymer, faster degradation compared with that of polyethylene was 

observed upon UV light irradiation. The synthesized materials may 

therefore serve as more environmentally friendly alternative plastics 

than traditional polyethylene materials. 

Polyolefin plastics are fundamental materials, which have been 

used in numerous areas of modern society. Specifically, 

polyethylene plastics are produced in the largest amount in 

volume among all polymer materials,[1-2] but their remarkable 

chemical inertness has led to serious environmental plastic 

pollution issues (Figure 1a).[3-4] Accordingly, efficient chemical 

recycling of polyolefins became an emerging hot topic.[5-6] One 

potential solution to overcome the problem of the high chemical 

inertness of polyethylene plastics is to install a small amount of 

cleavable functional groups in the main chain of polyethylenes.[7] 

It is known that in-chain carbonyl units can enable chain scission 

through Norrish-type photochemical reactions.[8-10] Since the 

1950s, radical copolymerization of ethylene and carbon monoxide 

(CO) to yield low-density polyketone materials was developed 

providing either alternating or ethylene rich non-alternating 

copolymers both with branched structures.[11-12] Later, the 

coordination-insertion copolymerization using group 10 metal 

complexes was developed to give completely alternating linear 

copolymers.[13-14] The high content of carbonyl groups alters the 

physical property of these materials in a way in which they do not 

serve as an alternative to polyethylene plastics (Figure 1b).[15-17] 

Consequently, efforts have been paid to develop methods for 

synthesizing polyethylenes with a low-content of carbonyl groups 

that would allow to retain the bulk material properties of 

polyethylene while adding further functionality such as 

photodegradablity.[18-24] Especially the so far unachieved spread-

out incorporation of the carbonyl groups into the polymer chain is 

highly desired over accumulated alternating structural units in 

order to maximize the breakdown of the polymer chains into 

smaller pieces (Figure 1c). 

Nearly twenty years ago, Drent et al. reported the palladium 

catalyzed synthesis of modestly non-alternating copolymers of 

ethylene and CO by employing a phosphine sulfonate (P/S) ligand 

(up to 18.4 mol% extra ethylene units with 40.8 mol% CO 

content).[18] While later studies by the groups of Sen and Müller 

employing monomer feeds with high ethylene-to-CO ratio could 

further lower the CO incorporation down to 1.5 mol%,[22, 25] a 

clustering of the CO units in the polymer chain remained so far 

mechanistically unavoidable due to formation of a strong chelate 

after CO insertions (Figure 1d).[20, 26] More recently, the group of 

Mecking reported a radical copolymerization strategy for the 

synthesis of highly branched polyethylenes with low content in-

chain carbonyl groups.[23] While a high selectivity towards isolated 

carbonyls was achieved, compared to coordination-insertion 

copolymerization, much higher initial ethylene pressures (> 300 

bar) were required for the successful radical copolymerization. 

 
Figure 1. Background of ethylene/CO copolymerization. 

Previously reported methods for the non-alternating 

ethylene/CO copolymerization generally led to the formation of 
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polyethylenes containing both isolated and alternating carbonyl 

groups with low selectivities,[18-23] while the incorporation of CO 

often lowered the molecular weights of the obtained polymers. [22] 

Here we aimed at improving of both the selectivity for isolated CO 

insertion and molecular weight of the non-alternating ethylene/CO 

copolymers for practical applications of these materials as 

potential environmentally friendly plastics. Intriguingly metal 

carbonyls, which are industrially produced in the context of metal 

refinement by transport reactions, have been used as alternative 

CO sources in transition metal catalyzed carbonylation 

reactions[27-29] Compared with color- and odorless CO gas, metal 

carbonyls are generally solids or liquids, which makes them safer 

and easier to handle in ethylene copolymerization. Thus, we 

wondered whether metal carbonyls could be used as a CO source 

for accessing polyethylenes with low contents of in-chain carbonyl 

groups. 

Different metal carbonyls were tested as comonomers in the 

polymerization of ethylene using a common palladium phosphine-

sulfonate (P/S) catalyst, [Pd]-1 (Table 1, entries 1-4). When 

Fe2(CO)9, Mn2(CO)10 and Fe(CO)5 were used as the CO sources 

(Bond enthalpies of metal carbonyls were discussed in Table S1, 

supporting information), polymers were obtained after 

precipitation with MeOH and washing with diluted hydrochloric 

acid to remove metal residues. 1H and 13C{1H} NMR analysis of 

the obtained polymers clearly supported the presence of carbonyl 

groups in the polyethylene main-chain. The 1H NMR spectrum of 

the copolymer corresponding to entry 1 (Figure 1a) showed a 

characteristic triplet of the isolated ketone unit at δ = 2.42 ppm (B), 

which was also observed at 210.5 ppm (A) in the 13C{1H} NMR 

spectrum (Figure 2b). A weak signal for alternating ketone unit 

was found at δ = 2.70 ppm (s; H) in the 1H NMR spectrum (Figure 

2a). The highest CO incorporation ratio (1.6 mol%, corresponding 

to about 2.3 ketone units per chain) was observed with Fe2(CO)9 

for which in-chain isolated carbonyls were observed as the 

predominant insertion moiety [Isolated carbonyls/Alternating 

carbonyls (I/A) = 96:4]. The choice of metal carbonyls had a 

significant effect on the incorporation of CO. Significantly lower 

CO incorporation ratios were observed in the case of Fe(CO)5 and 

Mn2(CO)10 (0.16 and 0.14 mol% respectively), while almost no 

alternating carbonyls were observed in the obtained copolymer 

and the polymer yields and molecular weights were increased in 

comparison to the copolymer in entry 1 (Table 1, entries 2 and 3). 

No polymer was obtained when Co2(CO)8 was employed as the 

comonomer, which was likely due to the catalyst deactivation by 

Co2(CO)8 (Table 1, entry 4). 

Table 1. Copolymerization of ethylene with metal carbonyls using palladium complexes[a] 

Entry cat. [Pd] Mx(CO)y (mmol) Temp. (oC) Yield (g)[b] Activity (g•mmol-1•h-1) Mn (Kg/mol)[c] Mw/Mn
[c] i. r. (%)[d] I/A[e] 

1 [Pd]-1 Fe2(CO)9 (0.25) 80 0.115 3.8 4.0 1.5 1.6 96:4 

2 [Pd]-1 Fe(CO)5 (0.50) 80 1.609 54 14 2.1 0.16 >99:1 

3 [Pd]-1 Mn2(CO)10 (0.25) 80 0.638 21.3 14 2.0 0.14 >99:1 

4 [Pd]-1 Co2(CO)8 (0.25) 80 N.D. N.A. N.A. N.A. N.A. N.A. 

5 [Pd]-1 Fe2(CO)9 (0.25)[f] 80 1.226 40.9 3.4 5.3 <0.01 N.A. 

6 [Pd]-1 CO (ca. 0.25)[g] 80 1.078 35.9 2.4 6.1 0.31 67:33 

7 [Pd]-1 Fe2(CO)9 (0.10) 80 0.195 6.5 5.0 1.4 1.1 99:1 

8 [Pd]-1 Fe2(CO)9 (0.50) 80 0.058 1.9 2.9 1.9 3.1 91:9 

9 [Pd]-2 Fe2(CO)9 (0.25) 80 0.230 7.7 4.1 1.9 0.83 >99:1 

10 [Pd]-3 Fe2(CO)9 (0.25) 80 0.122 4.1 4.5 2.0 1.3 98:2 

11 [Pd]-4 Fe2(CO)9 (0.25) 60 0.189 6.3 26 1.5 0.24 >99:1 

12 [Pd]-4 Fe2(CO)9 (0.25) 80 0.436 14.5 58 2.0 0.41 >99:1 

13 [Pd]-4 Fe2(CO)9 (0.25) 100 0.391 13.0 44 2.2 0.58 99:1 

14 [Pd]-5 Fe2(CO)9 (0.25) 80 0.090 3.0 17 1.7 <0.05 N.A. 

15 [Pd]-6 Fe2(CO)9 (0.25) 80 0.740 24.5 47 2.4 <0.02 N.A. 

16[h] [Pd]-1 Fe2(CO)9 (0.25) 80 0.036 1.2 3.7 2.3 3.9 90:10 

[a] A mixture of the catalyst (10 μmol) and Mx(CO)y in toluene (10 mL) was stirred in a glass tube under an ethylene atmosphere (3.0 MPa) for 3 h in a 50 mL 

autoclave. [b] Yields of isolated product after precipitation with methanol (80 mL). N.D. = not detected. [c] Molecular weights determined by size-exclusion 

chromatography using polystyrene standards corrected by universal calibration. [d] CO incorporation ratio (i. r.) in mol% determined by 1H NMR analysis. [e] The 

I/A ratio was determined by 1H NMR analysis. I/A = Isolated carbonyls/Alternating carbonyls. [f] Fe2(CO)9 was added outside the glass tube along with toluene (1.0 

mL). [g] Ethylene containing about 0.3 mol% CO was used. [h]1.0 MPa of ethylene was used. Dip = 2,6-diisopropylphenyl; Lut = 2,6-lutidine. 
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Control experiments were carried out to confirm an interaction 

between the palladium catalyst and metal carbonyls. When 

Fe2(CO)9 was added outside the glass tube in the reaction 

autoclave, a high yield of polymer was obtained while less than 

0.01 mol% CO incorporation was observed (Table 1, entry 5). 

When CO gas was used as the carbonylation source instead of 

metal carbonyls, a copolymer was obtained in a high yield but with 

a low molecular weight and poor PDI (Table 1, entry 6). Though 

with a low CO incorporation ratio (0.31 mol%), a poor selectivity 

of isolated over alternating carbonyl units was observed (I/A = 

67:33), which was in stark contrast to the experiments employing 

metal carbonyls as a CO source. A stoichiometric experiment was 

then performed to further confirm the CO transfer from Fe2(CO)9 

to [Pd]-1 (Figure 3). As was expected, slow CO insertion to [Pd]-

1 was observed after mixing an excess amount of Fe2(CO)2 with 

[Pd]-1 at room temperature (see supporting information, Figure 

S1). 

Next, the effect of different reaction parameters on the 

copolymerization were explored. Decreasing the amount of 

Fe2(CO)9 lowered the CO incorporation ratio but increased CO 

insertion selectivity and molecular weight of the copolymer (Table 

1, entry 7). On the contrary, increasing the amount of Fe2(CO)9 

led to a high CO incorporation ratio but decreased molecular 

weight and CO insertion selectivity (Table 1, entry 8). Performing 

the copolymerization with Fe2(CO)9 (0.25 mmol) under 1 MPa of 

ethylene afforded a copolymer with an even higher CO 

incorporation ratio (3.9 mol%) along with a higher molecular 

weight (Table 1, entry 16). First, palladium P/S complexes bearing 

different substituents on phosphine were tested. Similar 

molecular weights were observed in the case of [Pd]-2 and [Pd]-

3 (Table 1, entries 9 and 10). Notably, [Pd]-4 afford much higher 

molecular weights of the copolymer with an excellent selectivity 

toward non-alternating copolymerization (Table 1, entry 12). The 

effect of temperature on the copolymerization was investigated 

using [Pd]-4 as the catalyst (Table 1, entries 11-13). Increasing 

the reaction temperature had a positive effect on the incorporation 

of CO, still the highest molecular weight (58 kg mol-1, about 8 

ketone units per chain) of the copolymer was obtained at 80 oC 

(Table 2, entry 12). According to 1H NMR analysis, more than 99% 

selectivity towards the incorporation of isolated carbonyls was 

observed for this copolymer (Figure 2b). Trace amount of olefinic 

protons were detected, implying the possible chain-transfer via -

hydride elimination/ethylene re-insertion process (See SI, Figure 

S37, supporting information). The existence of only one carbonyl 

signal was confirmed by the 13C NMR analysis (Figure 2e). 

Analysis of metal residues in the copolymer by inductively coupled 

plasma atomic emission spectroscopy (ICP–AES) detected 0.03 

wt% palladium and 0.19 wt% iron. 

 
Figure 2. Assignment of characteristic NMR resonances. (a) 1H NMR spectrum 

of the copolymer in Table 1, entry 1. (b) 1H NMR spectrum of the copolymer in 

Table 1, entry 12. (c) 1H NMR spectrum of the polymer in Table 1, entry 15. (d) 
13C{1H} NMR spectrum of the copolymer in Table 1, entry 1. (e) 13C{1H} NMR 

spectrum of the copolymer in Table 1, entry 12. 

Aside from the palladium P/S catalysts, a palladium NHC-

phenolate ([Pd]-5) and a bisphosphine-monoxide catalyst ([Pd]-

6) were tested under similar reaction conditions (Table 1, entries 

14 and 15). Less than 0.05 mol% of CO incorporation was 

observed in the obtained polymers, which suggests that only high-

density polyethylenes were obtained (See Figure 2c for the 1H 

NMR spectrum of the polymer in Table 1, entry 15). It is known 

that diphosphine ligands such as dppp or dppb have been widely 

used in the palladium catalyzed alternating ethylene/CO 

copolymerization,[13] but no polymer was obtained with both 

ligands when Fe2(CO)9 was used as the carbonyl source (See 

supporting information for details). These results suggest that an 

interaction between the palladium P/S catalyst and the metal 

carbonyls are important for achieving the copolymerization, and 

that the metal carbonyls are crucial for allowing highly selective 

non-alternating ethylene/CO copolymerization. A plausible 

mechanism for CO transfer from Fe2(CO)9 to [Pd]-1 is presented 

in Figure S12, supporting information. First, disproportionation of 

Fe2(CO)9 would lead to the formation of a 16-VE Fe(CO)4 and a 

18-VE Fe(CO)5. Coordination of S=O units of the phosphine-

sulfonate complexes to Fe(CO)4 would afford a more stable 18-

VE species. At last, slow intramolecular CO transfer might take 

place at the nearby polymerization site. Based on the control 

experiments for thermal decomposition of Fe2(CO)9 for slow CO 

release (Table 1, entry 5) and the experiment with CO gas (Table 

1, entry 6), an interaction of the catalyst with the metal carbonyl 

precursors is likely to be the key for efficient incorporation of 

isolated CO units into the copolymers. 

 
Figure 3. Stoichiometric experiment. CO transfer between [Pd]-1 and Fe2(CO)9. 
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Figure 4. Comparison of the physical property between HDPE bearing in-chain 

isolated carbonyls and HDPE. (a) DSC trace of the copolymer in Table 1, entry 

12 (0.41 mol% CO). (b) DSC trace of the polyethylene in Table 1, entry 15. (c) 

TGA curve of the copolymer in Table 1, entry 12 (0.41 mol% CO). (d) TGA curve 

of the polyethylene in Table 1, entry 15. (e) SEC trace of the copolymer in Table 

1, entry 12 before (Blue line) and after (Red line) UV irradiation (275 nm at 30°C 

for 50 h). (f) SEC trace of the polyethylene in Table 1, entry 15 before (Green 

line) and after (Red line) UV irradiation (275 nm at 30°C for 50 h). 

Differential scanning calorimetry (DSC) analysis of the 

copolymer in entry 12 in Table 1 revealed an endothermic peak 

at Tm = 130 oC (Figure 4a), closely resembling the HDPE obtained 

for entry 15 in Table 1 which showed an endothermic peak at Tm 

= 131 oC (Figure 4b). These results indicate the melt property of 

the copolymer is not compromised by the incorporation of a low 

quantity of CO. Moreover, the thermogravimetric analysis of the 

polymers in entry 12 and 15 gave similar results for Td = 437 and 

434 °C respectively (Figure 4c and 4d). The obtained copolymer 

is stable for thermal processing, which serves as another 

advantage in comparison with alternating polyketone materials. 

As a proof of concept, the photodegradability of the copolymer in 

Table 1, entry 12 was explored upon 275 nm UV light irradiation. 

The decomposition of the polyethylene in Table 1, entry 15 was 

also investigated under similar conditions to demonstrate the 

importance of low content CO incorporation. After irradiating the 

polymer at 30 °C for 50 h, the molecular weight of the copolymer 

(0.41 mol% CO incorporation) decreased significantly from 58 

kg/mol to 22 kg/mol and the molecular weight distribution was 

broadened to Mw/Mn = 2.6 (Figure 4e). In the control experiment, 

only slight molecular weight change was observed, and the initial 

molecular weight distribution was maintained (Figure 4f). These 

results support our assumption that the incorporated low content 

carbonyl groups facilitate the degradation of polyethylene 

materials. 

In conclusion, a highly selective reaction protocol for the 

synthesis of non-alternating, linear ethylene/CO copolymers has 

been developed. Incorporation of a low CO content in the main-

chain of polyethylene along with remarkable isolated carbonyl 

selectivity was achieved via palladium catalyzed copolymerization 

of ethylene with metal carbonyls. This polyethylene copolymer 

retained the main physical properties of high density polyethylene, 

while treating the obtained copolymer with UV light resulted in 

partial degradation. Therefore, the synthesized materials may 

serve as more environmentally friendly alternative plastics than 

traditional polyethylene materials. 
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Incorporation of a low CO content in the main-chain of polyethylene along with remarkable isolated carbonyl selectivity was achieved 

via palladium catalyzed copolymerization of ethylene with metal carbonyls. This polyethylene copolymer retained the main physical 

properties of high-density polyethylene (HDPE), while treating the obtained copolymer with UV light resulted in partial degradation. 

Therefore, the synthesized materials may serve as more environmentally friendly alternative plastics than traditional polyethylene 

materials. 
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