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ABSTRACT: Non-alternating poly(isocyanide-co-acrylate) copolymers enable access to novel polymer microstructures with
versatile chemistry and allow for designed mechanical properties, an important facet of combatting the plastic waste crisis.
While previous syntheses used cobalt-mediated radical polymerizations, the cobalt complex exhibits side reactivity, compli-
cating control over polymerization. This work describes the application of an orthogonal, photocontrolled RAFT polymeri-
zation to a range of isocyanides with excellent temporal control. Under solvent-free conditions, adding monomers with a
standard chain transfer agent (CTA) results in the synthesis of copolymers that are then transformed into several novel mi-
crostructures. Interestingly, we discover that the isocyanide units can undergo cyclization of the backbone resulting in an
unexampled polyamide-like copolymer containing the pyrrolidone ring. Moreover, we generate polyacrylic acid-like copol-
ymers with small amounts of ketone linkages through hydrolysis, enabling faster degradation rates for this class of polymer.

In recent years, our reliance on plastics has reached un-
precedented levels, fundamentally altering nearly every
aspect of modern life. While the versatility, durability, and
affordability of plastics have made them indispensable,
their widespread use has inadvertently led to a global cri-
sis. The rampant production and improper disposal of sin-
gle-use plastics and their persistent presence in the envi-
ronment have underscored the urgent need for innovative
solutions.* To combat this looming crisis, a paradigm shift
towards developing and adopting new materials is impera-
tive. These materials must not only replicate the function-
alities of existing plastics but also prioritize sustainability,
biodegradability, and reduced environmental impact.5-°
Carbonyl-containing polymers are of great interest due to
their susceptibility to photodegradadative pathways under
ultraviolet light irradiation, such as Norrish cleavages.10-13
Introducing minimal carbonyl content facilitates break-
down in the environment and maintains parent physical
properties; however, realizing such commercial materials
has proven difficult. 14-26

Recently, our group employed a novel cobalt-mediated
radical polymerization (CMRP) using a cobalt-hydride (Co-
H) initiating species to copolymerize acrylate monomers
with  isocyanides to  generate  non-alternating
poly(isocyanides-co-acrylates) (Scheme 1). 2732 [Imple-
menting a reversible deactivation radical polymerization
(RDRP) attenuated unproductive termination and chain
transfer events and provided control over polymer molecu-
lar weights and dispersity.33-3¢ Incorporating an isocyanide
resulted in an imine linkage in the backbone of the poly-
mer, creating an avenue to various microstructures includ-
ing facile tautomerization to the enamine. Importantly, this

approach allowed the production of non-alternating
polyketones via hydrolysis of the imine. Ultimately, we
demonstrated the manipulation of thermal properties and
degradation rates by controlling the degree of incorpora-
tion and the microstructure.3”

This new material class alludes to interesting chemistry
and adaptability - the responsive characteristics imparted
by the imine can be selectively modified at different points
in the polymers’ lifetime to be upcycled into new materials
with tunable characteristics. Alas, the use of isocyanides in
radical polymerizations is sparsely reported.3®-42 Expand-
ing the isocyanide scope is necessary to apply this ap-
proach more universally to existing commodity polymers.
Despite the control afforded by the Co-H initiated CMRP
protocol, deactivation of the cobalt complex by ligation of
the isocyanide and poor chain end fidelity limited the syn-
thesis of more advanced polymer microstructures.

To expand the scope and applicability of the copolymeri-
zation of isocyanides, we sought to use photo-iniferter re-
versible addition-fragmentation chain transfer (PI-RAFT)
(Scheme 1).43-45 Using light for initiation offers spatiotem-
poral regulation over the polymerization without exoge-
nous photocatalysts. In this work, PI-RAFT polymerization
was employed via direct activation of the chain transfer
agent (CTA) by light to obtain copolymers from methyl
acrylate (MA) and a broadened isocyanide scope while
providing superb chain end control. Here, we demonstrate
the successful employment of a scope of isocyanides and
aim to show the utility of the generated copolymers in ac-
cessing unprecedented microstructures, like polylactams
and photodegradable water-soluble materials.*6
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Scheme 1. Previous work set the precedent of radical copolymerization of isocyanides with various acrylates, fol-
lowed by this work using a photocontrolled approach with various isocyanides, accessing more divergent copoly-

mers.

To begin the implementation of a PI-RAFT protocol, S-1-
dodecyl-S’-((2-ethoxycarbonyl)eth-2-yl) trithiocarbonate
was selected as the CTA for its previous use in acrylate
polymerization. Upon broad spectrum light irradiation,
using a 90:10 feed ratio of MA to p-toluenesulfonylmethyl
isocyanide (TosMIC), a copolymer consisting of 2.4 % iso-
cyanide incorporation was achieved while maintaining low
dispersity and close agreement between experimental and
theoretical molecular weight, indicative of a controlled
polymerization (Table 1, Entry 1). Increasing the ratio of
monomers to CTA achieved larger molecular weight poly-
mers with low dispersity (Table 1, Entries 2 & 3). By alter-
ing the feed ratio of each comonomer, we obtained target-
ed copolymer compositions that ranged from 1.4 % to 3.8
% isocyanide (Table 1, Entries 4 & 5). This demonstrates

that the initial monomer feed ratio can be used to tune the
copolymer composition.

We then explored using 2-morpholinoethyl isocyanide
(MEI) as an electronically and sterically alternative isocya-
nide. With the established protocol, MEI was successfully
copolymerized with MA. Using the same starting monomer
ratios of 90:10, we see higher incorporation (3.4 %) rela-
tive to TosMIC, with a similar degree of control over mo-
lecular weights and dispersity (Table 1, Entry 6). Likewise,
higher DPs yield larger polymers, and incorporation re-
mains consistent (Table 1, Entries 7 & 8). Altering the ini-
tial feed ratios gave polymers with 2.2 - 4.9 % incorpora-
tion (Table 1, Entries 9 & 10). Overall, the agreement be-
tween experimental and theoretical incorporation is better
using MEI (Table 1).

Table 1. Initial PI-RAFT polymerizations of methyl acrylate and TosMIC or MEIL=2
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Entry DP MA : TosMIC Mycrude b Inc.&® Inc.theo Entry DP MA : MEI Mycrude b Inc.&® Inc.thee
1 200 90:10 11.6 1.08 24%  3.3% 200 90:10 8.0 116  3.4% 3.5%
2 400  90:10 16.0 1.19 30%  3.7% 400  90:10 21.1 114 3.4% 3.8%
3 600  90:10 22.1 1.19 31%  3.6% 600  90:10 28.4 123 3.6% 4.0%
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4 200 95:5 9.6 1.04 1.4% 1.9%

5 200 85:15 10.1 1.18 3.8% 3.8%

200 95:5 12.9 1.09  22% 3.3%

10 200 85:15 12.4 119 4.9% 4.9%

a DP = [Total Monomer]/[CTA]. Theoretical incorporation (Inc.theo) is calculated based on monomer conversion (see supporting
information for more details). Molecular weight values are in kg/mol.

We explored various isocyanides to expand the comon-
omer scope and compare the effect of different electronic
and structural properties (Figure 1). In addition to TosMIC
and MEI, n-butyl isocyanide (BI) and cyclohexyl isocyanide
(CI), along with ethyl isocyanoacetate (EI), were copoly-
merized with good control. In contrast, the aromatic 4-
methoxyphenyl isocyanide (MPI) was unsuccessful, not
reaching sufficient conversion in the same timeframe. Elec-
tron-donating substituents lead to an increase in incorpo-
ration, while the steric bulk seems to be a hindrance to
efficient polymerization.

Isocyanide monomers

C) C) ©) ©) ©
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Figure 1. Scope of isocyanides successfully copolymer-
ized with MA.

Kinetic analysis of the monomer conversions of the MA-
TosMIC copolymerization initially showed linear 1st-order
Kinetics (see supporting information for more details). At

higher conversions, there was an increase in deviation
from linearity. However, the isocyanide did not shut down
the polymerization. By comparison, the deviation from
linearity is smaller when using MEI, and the conversion is
more competent. Overall, we saw a linear molecular
weight increase with conversion, which agreed with the
theoretical molecular weight and low dispersity through-
out the polymerization (Figure 2a).

The CTA chain end could be identified by NMR in the pu-
rified polymer sample, leading us to further examine and
exploit the chain end fidelity of the copolymers. This ena-
bled us to form block copolymers by chain extension. The
poly(MA-co-MEI) copolymer was synthesized and purified
by precipitation. The polymer was then redissolved and
irradiated with n-butyl acrylate (nBA), forming a diblock
copolymer. The polymer molecular weight increased from
12.4 to 58.6 kg/mol with low dispersities of 1.06 and 1.04,
respectively. These values are in good agreement with the-
oretical molecular weights. The unimodal shift in the GPC
trace suggests efficient re-initiation and controlled chain
extension with good chain end fidelity, which we calculat-
ed to be 84 % from the residual unreacted chains (Figure
2b). The copolymer synthesized from MEI exhibited slight-
ly better chain end fidelity than those synthesized using
TosMIC (see supporting information for more details).

We performed the polymerization with intermittent
light irradiation to highlight the potential for temporal
control afforded by using light as a stimulus. Gratifyingly,
the polymerization showed no conversion without light
(Figure 2c). Monomer conversion and molecular weight
growth were only seen when the light was turned on, and
dispersities remained low throughout.
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Figure 2. a) Molecular weight plotted against the averaged conversion of MA and MEI via PI-RAFT. b) Chain exten-
sion of poly(MA-co-MEI) copolymers with nBA. c) Plot of monomer conversion over time as the light is turned on

and off periodically throughout the polymerization.

The conformation of the copolymers obtained via the PI-
RAFT protocol was examined to ensure the incorporation
of the isocyanide in the backbone. For the poly(MA-co-
MEI) copolymers, we observed peaks in the H NMR
around 3.7 ppm, 3.5 ppm, 2.7 ppm, and 2.5 ppm indicating
MEI incorporation as well as proton signals at 9.4 and 9.2
ppm indicating tautomerization to the f-enamine ester, as
seen with poly(MA-co-TosMIC). The BI, EI, and CI copoly-
mers also exhibit protons near 9.4 ppm indicating tautom-
erization to the enamine. The MEI, BI, and EI copolymers
exhibit two proton signals, signifying an enamine. Through
1H-15N HSQC and 'H-13C HMBC NMR experiments, these
protons and their correlated nitrogens and carbons have
similar chemical shifts, indicating E/Z isomers of the C-N
bond of the enamine (see supporting information for more
details). Typically, the E conformation is the major isomer
present due to the proximity of the ester carbonyl, which is
capable of hydrogen bonding to the enamine proton. How-
ever, we believe there is a higher percentage of Z conform-
ers due to steric restrictions within the polymer. Interest-
ingly, the CI copolymer shows only one isomer under simi-
lar conditions (see supporting information for details). We
hypothesize that this is due to the increased steric re-
striction from the cyclohexyl group on the nitrogen.

The conformation of the poly(MA-co-TosMIC) copoly-
mers was more interesting. We observed tautomerization
to the enamine and the appearance of an enamine proton
downfield at 9.4 ppm, which correlates to a nitrogen with a
chemical shift (47 ppm) similar to that of amines from !H-
15N heteronuclear single quantum coherence (HSQC) nu-
clear magnetic resonance (NMR) experiments (Figure 3).47
Excitingly, we see the appearance of a proton signal slight-
ly downfield at 10 ppm that, from H-15N HSQC and H-13C
heteronuclear multiple bond coherence (HMBC) NMR ex-
periments, correlates to nitrogens and carbons of signifi-
cantly different chemical shifts, signifying a drastic change
in the structure, exclusive to the TosMIC copolymer. We
assigned these signals as an amide structure supporting
lactamization of the backbone from the favorable release
of sulfinic acid and subsequent hydrolysis (Figure 3). We
observe this to occur slowly over time in solution, presum-
ably in the presence of adventitious water. Ultimately, this
is an exciting phenomenon and a very useful tool for gen-
erating lactam rings in the polymer backbone, another new
microstructure. A few reports have used condensation
polymerization to generate polyamides with nitrogen link-
ages in the backbone; however, 1,3 linkages have not been
reported.#8-5! Significantly, pyrrolidone-containing polylac-
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tams are predicted to have high glass transition tempera-
tures due to the rigidity imparted from the heterocycles
and have higher rates of biodegradation. These have rarely
been studied due to the lack of synthetic methods to gen-
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Figure 3. Evidence of lactamization of poly(MA-co-TosMIC) through 'H-15N HSQC and 1H-13C HMBC NMR experi-

ments.

Because accessing multiple microstructures from a sin-
gle copolymerization is an attractive quality for a versatile
material, we sought to demonstrate sequential hydrolysis
of the functional groups. Using mild conditions previously
reported, poly(MA-co-MEI) was successfully hydrolyzed to
poly(MA-co-ketone) identical to that synthesized from the
hydrolysis of poly(MA-co-TosMIC), confirmed by NMR
analysis (Figure 4). We then sought to fully hydrolyze
these copolymers to poly(acrylic acid)-like polymers under
more forcing conditions. Polyacrylic acids (PAA) and sodi-
um polyacrylate-based materials are synthetic polymers
known for their water-absorbing and adhesive proper-
ties,>2-5¢ with an estimated annual production of around 2
million metric tons.>s However, PAA is challenging to recy-
cle or degrade due to the difficulty of removal from the
environment and its stable molecular structure.56-59
Through our conditions, these poly acrylic acid-like mate-
rials will have embedded photodegradable carbonyl link-
ages, offering a degradable pathway for this class of poly-
mers.5° Using conditions previously reported by the Su-
merlin group,®! the rate of hydrolysis of the homopolymers
was first studied. Homopolymers of t-butyl acrylate hydro-
lyzed quickest, followed by MA and phenyl acrylate (see
supporting information for more details). Gratifyingly, the
poly(MA-co-ketone) was hydrolyzed further, and the re-
sultant structures were confirmed through NMR experi-
ments. The appearance and then shift of the 13C signal from
the ketone carbonyl revealed non-alternating poly(acrylic

acid-co-ketones) (see supporting information for more
details). This privileged structure has not been reported
through direct or indirect synthetic methods. Additionally,
the direct transformation of the poly(MA-co-isocyanide)
copolymers to poly(acrylic acid-co-ketones) could be real-
ized using the second set of conditions.
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Figure 4. Sequential hydrolysis of multiple microstruc-
tures. Overlaid spectra from 9-13 ppm are on different
scales to clearly distinguish peaks at different chemi-
cal shifts.

Lastly, the introduction of ketones to poly acrylic acid
enabled photodegradation. Upon irradiation with 390 nm
light, the degradation of the non-alternating poly(acrylic
acid-co-ketones) was examined. We found a modest mo-
lecular weight decrease consistent with our previous stud-
ies, supporting that minimal carbonyl content is sufficient
for chain scission and enhanced degradation rates of these
copolymers compared to the parent polymer (see support-
ing information for more details). Because these water-
soluble polymers cannot be reclaimed from the environ-
ment, installing this photodegradable linkage is a potential
means of breaking down these materials.

This article shows that new microstructures with entire-
ly different characteristics can be generated from a single
copolymerization protocol. We can access unprecedented
polylactams, as well as polyacrylic acids, with enhanced
rates of photodegradation. This approach offers the syn-
thesis of novel copolymers, showing promise to replace
single-use plastics as one that can be continually repur-
posed or broken down in the environment, providing the
pathway for a non-accumulative waste stream.
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