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Polyethylenes with combined in-chain and side-chain functional groups
from catalytic terpolymerization of carbon monoxide and acrylate
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ABSTRACT Linear polyethylenes with a combination of incorporated in-chain keto as well as side-chain ester groups are
formed by Ni(II)-catalyzed terpolymerization of ethylene, carbon monoxide and methyl acrylate. These possess a random
structure, with largely isolated non-alternating in-chain keto groups as well as ester-substituted units adjacent to the poly-
ethylene chain, whereas the solid state structure of polyethylene is retained. Molecular weights of the terpolymers
(Mn ~20.000 g mol!) are predominantly determined by chain transfer after acrylate incorporation.

Introduction

An introduction of polar groups into otherwise apolar
polyethylene (PE) is frequently employed to increase the
PEs polarity to achieve, e.g., compatibility with other polar
materials. This can be achieved by post-polymerization
modifications, or directly by copolymerization of ethylene
with vinyl monomers like acrylates, vinyl ketones or
others.!7 The later approach yields side-chain functional
groups. By comparison, incorporation of carbon monoxide
during polyethylene chain growth can afford in-chain keto
groups. Amongst others, small amounts of such keto-units
can impart the material with desirable photodegradability,
to reduce the problematic environmental persistency of
mismanaged polyethylene waste.8 An access to linear
HDPE-type polyethylenes with in-chain keto units (Keto-
PEs) by incorporation of small amounts of carbon monoxide
during ethylene polymerization had been long-sought for,
as usually ethylene-CO copolymerization results in
alternating polyketones due to the preference for CO
incorporations. %10 Such Keto-PE materials have been
enabled only recently by non-alternating
copolymerization1-13 catalyzed by advanced
phosphinophenolato!420 Ni(II) complexes. Amongst others
due to their high molecular weights (up to Mw 400.000 g
mol; Ma 200.000 g mol?) these polymers are processable
and on par in their mechanical properties with commerecial
high density polyethylene (HDPE).188 At the same time these
materials are rendered photodegradable by the
incorporated in-chain carbonyl groups.1118

Polyethylenes with both in-chain and side-chain functional
groups have so far only been accessible by free-radical
terpolymerization of carbon monoxide and acrylates. This
requires harsh conditions (> 300 atm) and yields branched
products.?!

We now report catalytic terpolymerizations of ethylene
with carbon monoxide and acrylate under mild condtions

that yield linear polyethylenes with in-chain as well as side-
chain functional groups.

Results and Discussion

Exposure of a phosphinophenolato Ni(II) catalyst precursor
(1) to ethylene (10 atm) and small amounts of carbon
monoxide in the presence of methyl acrylate (MA) results in
the formation of solid polymers (Table 1). The presence of
CO and MA substantially decrease catalytic activity of 1 and,
therefore, polymerization yields when compared to an
ethylene homo-polymerization with the same catalyst
under identical conditions (Table 1, entry 6). This is in line
with expected effects of the polar comonomers reversibly
coordinating to catalytically active sites, thus competing
with ethylene coordination and insertion.
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Scheme 1. Catalytic terpolymerization of ethylene with CO
and acrylate to in- and side-chain functionalized
polyethylene.

The IR spectroscopic analysis of the formed polymers
reveals these to be polyethylenes with incorporated keto-
as well as ester-carbonyl units, which show absorption
maxima for backbone-adjacent ester groups (1739 cm1)
and in-chain ketones (1719 cm) (Figure 1 and Scheme 1).
This is concluded from comparison of the carbonyl
absorption bands to corresponding ethylene-CO and
ethylene-acrylate copolymers, respectively. (Figure 1). The
observed IR absorption maximum at 1719 cm! further
shows the predominantley isolated /non-alternating nature
of the in-chain carbonyl groups formed by CO
incorporation. Deconvolution of the terpolymer absorption
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bands enables quantification of the incorporation ratios of
functionalized repeat units in these terpolymers, which are
confirmed by !'HNMR spectroscopy (Table 1).
Incorporation ratios of either comonomer can be influenced
by variation of CO or acrylate concentration in the reaction
mixtul:e, re§pectlivleyl.

a side-chain b
-COOMe
1739 cm”
MA-ethylene
copolymer
—_ 1.6 mol% MA —
in-chain C=0| A keore | S
4 Pl B L &,
| VRomt g || 1.3 mol% c=0f g
@ [ 5
=) £
o =]
2 3
<< <

T T T T T T T T
1850 1800 1750 1700 1650 1600 1850 1800 1750 1700 1650 1600
Wavenumber [cm™] Wavenumber [cm™]

Figure 1. Carbonyl regime of ATR-IR spectra of a. A terpolymer
(Table 1, entry 2) with deconvolution shown that allows for
quantification of the keto and acrylate content (cf. SI for de-
tails). b. A Keto-PE (Table 1, entry 4) and ethylene-acrylate co-
polymer (Table 1, entry 5). Full ATR-IR spectra of terpolymers
and reference copolymers are provided in the Supporting In-
formation.

Table 1. Polymerization results.
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Polymerization conditions: 10 pmol precat. 1, 10 atm, 100 °C,
1000 rpm, 75 min, 100 mL toluene. * ratio of CO in an ethylene-
CO gas feed. T concentration of MA in initial reaction solution.
f calculated from ATR-IR spectroscopy (cf. SI for details). In
brackets: Incorporation calculated from *H NMR spectroscopy
by integration of the 1H signals of a-carbonyl CHz (CO) or OCH3
(MA) in relation to the overall integral. # determined by SEC in
1,2-dichlorobenzene at 160 °C via universial calibration against
PS standards. ** Determined by DSC, second heating cycle.
§ 500 rpm stirring rate. 20 minutes reaction time accounting
for high activity of 1 in ethylene homopolymerization.
Reference homopolymerization data adopted from our
previously reported work.15

Analysis of molecular weights by high tempature SEC (Table
1 and Figure 2) reveals considerably lower molecular
weights of the terpolymers when compared to an ethylene-
CO copolymer formed under identical conditions (Table 1,
entry 4). However, the molecular weights of terpolymers
are similar to an ethylene-MA reference copolymer
synthesized under the same conditions at 10 atm, 100 °C.
The observed narrow molecular weight distributions
further indicate that a terpolymer and no mixture of Keto-
PE and ethylene-acrylate copolymer is formed.
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Figure 2. SEC traces of terpolymers, and a Keto-PE and eth-
ylene-acrylate copolymer for comparison.

In depth analysis of polymer microstructures by 1D and
2D NMR  spectroscopy (Figure 3 and Supporting
Information) reveals the in-chain keto groups to be largely
isolated, with additional motifs of adjacent carbonyl groups
seperated by one or several ethylene units and only minor
amounts of alternating segments. The same in-chain
carbonyl microstructures are observed for the Keto-PE
generated in the absence of acrylate under otherwise
identical polymerization conditions (cf. Figure S4). These
in-chain carbonyl motifs and the acrylate-based repeat
units are arranged in the polyethylene chains in a random
fashion and no evidence for e.g. a propensity for adjacent
keto and ester incorporation or other effects of
incorporated functional groups on the incorporation of the
other polar comonomer is observed. This suggests that the
chelates,”141519  which are formed by reversible
coordination of the functional groups incorporated in the
chain to the active sites, are opened much the same way as
in corresponding copolymerizations of ethylene with only
CO or acrylate, respectively. Therefore, no evidence for a
conceivable strong preference for opening of chelates from
acrylate incorporation by CO is observed.?2 Unsaturated
endgroups formed by B-H elimination after an acrylate
incorporation prevail and only a small amount of non-
functionalized, unsaturated endgroups are observed
(Figure 3), despite the chains being largely formed by
ethylene incorporation (Table1). This observation
qualitatively agrees with previous observations of the
relative high propensity for chain transfer vs. chain growth
after acrylate incorporation with different catalysts.1516 The
decrease of molecular weights by acrylate comonomer is in
contrast to  CO-ethylene copolymerization with
phosphinophenolato Ni(Il) catalysts, where the formed in-
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chain ketones do not promote -H elimination but rather
increase molecular weights of the formed Keto-PE
compared to homopolymerization under the same
conditions (Table 1, entry 4 and 6) due to blocking of free
coordination sites thus reducing -H elimination rates.'®
Therefore, molecular weights of the formed terpolymers
are predominantley determined by the presence of acrylate
and limited by chain transfer reactions after respective
acrylate insertions. The true terpolymer nature of the
materials is further underlined by 2D DOSY NMR
spectroscopy, featuring identical diffusion coefficients for
the resonances indicative of the two different types of
incorporated functional groups as well as endgroups and
the polyethylene backbone (Figure S2).

In line with the linear structures devoid of branches
observed by NMR spectroscopy, the terpolymers are
crystalline according to DSC analyses (cf. Figure S11).
Analysis by WAXS further revealed that the orthorombic
solid state structure of polyethylene is fully retained in the
formed terpolymer despite an overall incorporation of
approx. 2 - 4 mol% polar comonomers. The incorporation
of these reported low amounts of side-chain ester and in-
chain keto groups (1 -2 mol% of each polar comonomer)
does therefore not significantly influence or disturb the
crystal packing of the hydrocarbon backbone of the
polyethylene chain (cf. Figure S12).
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Figure 3. 1H NMR spectrum (a) and 13C{tH} NMR spectrum (b)
of a terpolymer (Table 1, entry 3) with full assignments. Ac-
quired in tetrachloroethane-dz at 110 °C.

Conclusions

By catalytic terpolymerization of ethylene with carbon
monoxide and acrylates, linear polyethylenes with a
combination of in-chain keto and ester side groups are
accessible. This can be achieved with catalysts based on
earth-abundant  nickel as the active sites.
Terpolymerization proceeds under mild conditions of
10 atm ethylene pressure and 100°C. The formed
terpolymers possess a random nature, and in
terpolymerization no adverse effect of either polar
comonomer on activity and incorporation ratio compared
to the corresponding ethylene copolymerizations is
observed and solid state structure of polyethylene is
retained. Compared to the Keto-PEs from ethylene-CO
copolymerization, the molecular weights of terpolymers are
lowered due to the propensity for chain transfer after an
acrylate insertion. This may be an issue for potential
applications requiring certain minimum molecular weights,
e.g. to achieve ductility and mechanical strength. The
incorporation of additional polar functional groups can be
beneficial to achieve a higher surface free energy and thus
compatibility with polar materials. Also, in-chain and side-
chain carbonyl groups can promote different, possibly
synergistic photodegradation pathways.823
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