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Design and synthesis of degradable polymers is a burgeoning area
of research to combat plastic waste buildup. Here, a cobalt-cata-
lysed atom transfer radical polymerisation (ATRP) turned on by
photothermal conversion is used to synthesize photodegradable
non-alternating acrylate-isocyanide copolymers. A simple one-
step protocol enables control over copolymerisation with good
chain-end fidelity under mild conditions. Although fundamentally
a ground state reaction, we demonstrate temporal control via a
unique localized heating strategy. Lastly, we demonstrate the
advantage of this polymerisation compared to more traditional
ATRP protocols.

Introduction

As the rate of plastic production continues to rise, it is necess-
ary to develop synthetic methods to lessen the future accumu-
lation of these materials."™ With end-of-life considerations in
mind, current methods have focused on synthesizing photode-
gradable polymers via copolymerisation with carbon monoxide
(CO) to enable environmental photodegradation via Norrish-
type cleavages.” ™" However, this method is limited to copoly-
merisation with ethylene due to the rate of decarbonylation
with more polar monomers.®*>™> Commercially available iso-
cyanides have shown to be a worthy C1 alternative for synthe-
sizing photodegradable copolymers.'*'¢*8

Our group first reported using isocyanides as comonomers
to synthesize photodegradable copolymers via cobalt-mediated
radical polymerisation (CMRP)."> The use of cobalt hydride
(Co™-H) enabled rapid initiation of polymerisation, bypassing
the standard induction period in conventional CMRP.'?™
Elimination of the induction period was essential to maximize
copolymerisation efficiency while minimizing isocyanide lig-
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ation to Co"-Salen."” However, a carefully timed addition of
isocyanide to the polymerisation mixture was necessary to
achieve control over the reaction and prevent unwanted side
reactivity. This multi-step procedure is further limited by stoi-
chiometric amounts of cobalt and low monomer conversions
(Scheme 1 top). While this method was a key step toward
photodegradable polymers, its limitations in reaction
efficiency hinder the potential for adoption in polymer syn-
thesis. Thus, highlighting the need for improved strategies to
access photodegradable isocyanide copolymers.

Atom transfer radical polymerisation (ATRP) is an alterna-
tive method as it is extensively used in controlled radical poly-
merisations (CRP).*>** Recently, we reported using hepta-
methyl ester cobyrinate (HME-Cob) as a competent cobalt cata-
lyst for ATRP.>* This vitamin B, derivative was thermally acti-
vated to facilitate the reversible halogen exchange of growing
polymer chains using 5 mol% of catalyst. Lower concentrations
of HME-Cob (down to 10 ppm) were achieved under photother-
mal conditions.*
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Scheme 1 Comparison of previous work in cobalt catalysed isocyanide
copolymerisation (top) and this work (bottom).
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Fig. 1 (A) Polymerisation conditions and results for photothermal copolymerisation of methyl acrylate (MA) with p-toluenesulfonylmethyl isocya-
nide or 2-morpholinoethyl isocyanide (MEI) with and without phenyl-bis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO). (B) Chart showing isocya-
nide incorporation for a 9 to 1 ratio of methyl acrylate to TOSMIC (blue data) or MEI (lavender data) at different degrees of polymerisation (DP). (C)
Chart showing molecular weight for copolymers made with TOSMIC (blue data) and MEI (lavender data). (D) Dispersity results over different DPs of
TOSMIC (blue data) and MEI (lavender data). Reaction conditions using 0.028 mmol of EBP: [MA]/[Isocyanide]/[HME]/[EBP]/[TBABr]/[BAPO] = 180/
20/0.05/1/0.1/0.1 in 50 vol% DMF. Reactions were prepared in a glovebox and brought out of the glovebox to be irradiated with white LEDs (relative
intensity ~0.2 W) for 2 h with air-cooling.

Table 1 Results for copolymerisation reactions without BAPO

) j ) HME-Cob (Co') O
oY P N TBARr [
O\—/‘\_\~N‘E(: + Lome e > ‘ ‘A CO,Me
White LEDs = 3
2h le COMe

Entry Control % MA conv. % MEI conv. M exp b % Iogp % MEI, % MElex,
1 Standard 41 5 11 000 1.54 61 1.2 1.1
2 No HME-Cob 0 0 — — — — —
3 No EBP 0 0 — — — — —
4 No light 7 2 14200 1.44 10 — —
5 No TBABr 33 6 20300 1.83 27 1.9 1.0

Standard reaction conditions: MA/ISO/EBP/HME-Cob (Co™)/TBABr = 180/20/1/0.05/0.1 in 50 vol% DMF. Conditions for 0.028 M stock of pre-
reduced HME-Cob (Co") in DMF: [HME-Cob (Co™)]/[Zn]/[NH,CI] = 1/0.5/1.5. Polymerisation conditions: [MA]/[MEI}[HME-Cob (Co")]/[EBP]/
[TBABI] = 180/20/0.05/1/0.1 in 50 vol% DMEF. Monomer conversion from 'H NMR in CDCl,. Conversions used to calculate theoretical molecular
weight (M, ) and theoretical MEI incorporation (MEly,). My i = (DPya X MWya X Convaya) + (DPygr X MWygr X Conv.ygr) + MWggp. MEILy, =
(DPyper X Convaypr)/((DPyer X Convaygr) + (DPya X Convayy)). Experimental molecular weights (My, exp.) obtained via gel permeation chromato-
graphy (GPC). Initiator efficiency (Ieft) = Mi,th/Mn exp- 'H NMR of precipitated samples used to for MEI % incorporation (MEIyp).
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Photothermal conditions also gave access to temporal
control, where HME-Cob converted light into heat while main-
taining an overall ambient solution temperature. Once the
light is removed, the localized heating at the catalyst surface
dissipates, eliminating the temperature gradient and halting
polymerization—thereby affording temporal control.>*®
Given these conditions, we hypothesized that using HME-Cob
would enable a simplified method for isocyanide copolymer
synthesis. Low catalyst concentrations and one less open
coordination site than Co-salen, used in CMRP, would prevent
isocyanide ligation, therefore allowing for higher conversion of
monomer all in a single step addition. Under light activation,
HME-Cob can also be leveraged to enable temporal control
over the copolymerisation (Scheme 1 bottom).

Results and discussion

To determine if HME-Cob could be an effective catalyst in the
presence of isocyanides, we applied our previously optimised
photothermal conditions to a 9:1 feed ratio of methyl acrylate
(MA) to p-toluenesulfonylmethyl isocyanide (TOSMIC).
Excitingly, MA conversion reached 67%, with TOSMIC conver-
sion at 19%, resulting in a copolymer containing 3.1% isocya-
nide incorporation (Fig. 1A, entry 1). Under an identical feed

View Article Online
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ratio, CMRP protocols resulted in only 37% MA conversion
due to termination or catalyst deactivation by TOSMIC with
similar incorporation.”> In the absence of photoinitiator
phenyl-bis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO),
low monomer conversions, broader dispersity, and lower
initiator efficiencies are seen (Fig. 1A entry 3). In line with our
earlier findings, catalyst regeneration plays a critical role in
maintaining copolymerization control and achieving high
molecular weights in ATRP.***>?7:2%3% We proceeded to inves-
tigate the copolymerisation of MA with TOSMIC by targeting
various degrees of polymerisation (DP). Using a 9 to 1 MA to
isocyanide feed ratio, incorporations of TOSMIC ranged from
2.4 to 3.1%, slightly decreasing at higher DPs (Fig. 1B).
Gratifyingly, higher molecular weights were achieved by
increasing the DPs up to 23.4 kg mol™" (Fig. 1C). However, the
dispersity (P) with TOSMIC remained high, with ® > 1.50
(Fig. 1D).

We hypothesized that the loss of control with TOSMIC may
result from the highly reactive electrophilic imidoyl radical,
leading to side reactions such as hydrogen atom transfer (HAT),
B-scission, or deactivation of the nucleophilic HME-Cob catalyst
(Fig. S51).">*'* Consequently, control over the copolymerisa-
tion becomes harder to maintain - especially at higher concen-
trations of monomer, with respect to the concentration of cata-
lyst and initiator (Fig. S6T). We envisioned that exchanging the

A 25 Tunable Incorporation B 14 Copolymerization Kinetics C 1 Temporal Control
MEI Inco rporation 1.2 *— MA MEI —MA MEI
g 20 1 08 Ton off on off on off
s = =
-
% 15 S 08 % 0.6
f o =
g 10 £ 06 2 04
8 = 04 £
= 5 0.2
0.2
0 0 P T T | 0 . L 1
8 Sﬁ 8 S 0 20 40 60 80 100120 0 15 30 45 60 75 90
8 3 & o o Time (min) Time (min)
- = - & ¥
DP (MA:MEI)
Chainextension
D Chain Extension Using PMA-r-MEI Macroinitiator — — — = Macroinitiator
PR
o 0 (o 1\
5 \
N\) \)J\O‘Bu - JQ ,’ \
[ 150 equiv. ‘\ I \
prpng \
‘N CO,Me HME—COb(CO”) N CO,Me CO,'Bu ’l 3
DMF n 4 ' ‘\
LO;Me White LEDs CO,Me , \
M, - 4300 g/mol 2h M, = 26200 g/mol Z
D =149 £=1.07
Lg=77% |g=87% 14 16 18 20 22

MEl incorp. = 1.2 Retention Time (min)

Fig. 2 (A) Graph showing the percent of MEI incorporation at different ratios of MA to MEI. (B) Kinetics of 180 :20 (MA : MEI) copolymerisation. (C)
Temporal control for a 180 : 20 (MA : MEI) copolymerisation, with three 15-minute off cycles and 15-minute on cycles. (D) Use of copolymer made
with MA and MEI as a macroinitiator for chain extension with tert-butyl acrylate. Polymerisation conditions: reaction conditions using 0.028 mmol of
EBP: [MA]/[Isocyanide]/[HME]/[EBP]/[TBABr]/[BAPO] = 180/20/0.05/1/0.1/0.1 in 50 vol% DMF. Reactions were prepared in the glovebox and brought
out of the glovebox to react under white LEDs (relative intensity ~0.2 W) with air-cooling for 2 h. Aliquots for each time point and on/off cycle were
taken in an N, purge syringe for crude NMR and GPC analysis. Polymerisation conditions using 0.029 mmol macroinitiator: [tBA]/[pMA-r-MEI]l/
[HME]/[TBABr]/[BAPO] = 150/1/0.05/1/0.1/0.1 in 50 vol% DMF. Reactions were prepared in the glovebox and brought out of the glovebox to react
under white LEDs (relative intensity ~0.2 W) with air-cooling for 2 h.
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isocyanide for commercially available 2-morpholinoethyl isocya-
nide (MEI) may improve efficiency by proceeding through a
more stable imidoyl radical.'®'®**?> The ethyl group on MEI
may help stabilize the imidoyl radical, reducing side reactions,
improving control and achieving higher MA conversion com-
pared to TOSMIC (Fig. S71). Copolymerisation with MEI
improved MA conversion with decreased dispersity, albeit lower
incorporation (Fig. 1A entry 2). In the absence of BAPO, the
same relative improvements in polymerization were observed. In
targeting a range of DPs, the dispersity remained lower across all
ranges of molecular weights at incorporations ranging from 1.1
to 1.5% (Fig. 1B-D).

Using the more efficient polymerisation with MEI, we exam-
ined control reactions in our system (Table 1). Without photo-
initiator, no polymerisation was observed without adding
HME-Cob or alkyl halide initiator, ethyl 2-bromopropionate
(EBP) (Table 1 entries 2 and 3). In the absence of light, <10%
monomer conversion is observed, consistent with our previous
results (Table 1 entry 4). These controls show the need for light,
catalyst, and alkyl halide initiator to facilitate the copolymerisa-
tion. Excluding additional bromide anion, tetrabutylammonium
bromide (TBABr) resulted in higher molecular weights and poor
efficiency (Table 1 entry 5). Increasing the concentration of
TBABr improved the control over the polymerisation, by favour-
ing the deactivation of growing polymer chains (Fig. $8t).>*>%

We next sought to increase the incorporation of MEI by
varying the feed ratio of MA to MEL Increasing the MA : MEI
ratio from 9:1 to 1:4 resulted in increasing MEI incorpor-
ations from 1% to 20%, respectively (Fig. 2A). The higher
incorporations led to a decrease in initiator efficiencies to
41%, likely due to catalyst deactivation as the concentration of
MEI increases (Fig. S10t). Higher incorporations also led to
lower molecular weights, also seen with polymerisations via
photo iniferter reversible addition-fragmentation chain trans-
fer (PI-RAFT) and CMRP.">'® Kinetics of the copolymerisation
using a 9:1 MA: MEI feed ratio showed a plateau in monomer
conversion after 90 minutes, with efficiency increasing
throughout the polymerisation (Fig. 2B). Finally, to demon-
strate photothermal temporal control, on/off cycles of light
irradiation were performed (Fig. 2C). Satisfyingly, no monomer
conversion occurred in the dark, indicating that MEI does not
contribute to monomer conversion in the absence of light and
that reactivity resumes when light is restored. Retention of
chains was further supported via chain extension with tert-
butyl acrylate (‘BA) using a PMA-r-MEI macroinitiator. Here, a
significant change in the molecular weight from 4.3 kg mol ™"
to 26.2 kg mol™" and a narrowing of dispersity is seen after ‘BA
polymerisation. Minimal amounts of macroinitiator (7.5%)
were inactive, as indicated by the GPC trace, indicating good
chain end retention for copolymers made with MEL.

Having successfully used HME-Cob in photothermal ATRP
for isocyanide copolymers, we next sought to compare our
method to a more traditional ATRP protocol. Copolymerisation
of MEI and MA catalysed by cuprous bromide (CuBr) and an
amine ligand, PMDETA (N,N,N',N",N"-pentamethyldiethyl-
enetriamine), resulted in an uncontrolled polymerisation with
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Fig. 3 (A) General scheme of polymerisation using CuBr/PMDETA or
HME with copolymerisation results. UV-Vis of (B) 597 yM CuBr/PMDETA
with and without MEI and (C) 50 pM HME with and without MEI.
Polymerisation conditions: reaction conditions with CuBr using
0.028 mmol of EBP: [MA]/[Isocyanidel/[CuBr]/[PMDETA]/[EBP]/[TBABr]/
[BAPQ] = 180/20/0.05/0.06/1/0.1/0.1 in 50 vol% DMF. Reaction con-
ditions using with HME using 0.028 mmol of EBP: [MA]/[Isocyanide]/
[HME]/[EBPI/[TBABr]l/[BAPO] = 180/20/0.05/1/0.1/0.1 in 50 vol% DMF.
Reactions were prepped in the glovebox and brought out of the glove-
box to react under white LEDs (relative intensity ~0.2 W) with air-
cooling for 2 h. UV-Vis conditions for 597 uM of CuBr in 50/50 DMF/MA:
[CuBr]l/[PEMDETA]/[MEI] = 1/1.1/400. UV-Vis conditions for 50 uM of
HME in 50/50 DMF/MA: [HME]/[MEI] = 1/400.

molecular weight three times higher than theoretical (Fig. 34,
entry 1). The lack of control in this polymerisation can be
attributed to MEI ligation to the copper complex, causing the
deactivation of the catalyst.>”*® This is seen in the UV-Vis spec-
trum of Cu/PMDETA that shows absorbance features at
300-400 nm; however, upon the addition of MEI, this feature
substantially decreased (Fig. 3B). In contrast, when looking at
the UV-Vis spectrum for HME-Cob, only a slight decrease in
absorbance is noticed at 470 nm, the peak that is characteristic
of a Co" species for HME-Cob, in the presence of MEI
(Fig. 3C). This minor change in intensity indicates that MEI
does not ligate to the cobalt catalyst as easily as it does to Cu/
PMDETA, leading to improved polymerisation outcomes.

Conclusions

Here, we show the first example of an ATRP system amenable to
isocyanide copolymerisation under mild, white light irradiation.
This method gave copolymers with isocyanide incorporations
ranging from 1-20%. Molecular weights ranged from
3.0-30.0 kg mol™" for copolymers with 1% isocyanide incorpor-

This journal is © The Royal Society of Chemistry 2025
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ation. This method also appears favourable over copper-
mediated ATRP with the addition of isocyanides showing
minimal impact on the catalytic reactivity of HME-Cob. This
work further demonstrates how degradable isocyanide copoly-
mers can be synthesized using a highly versatile ATRP method.
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