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Atom transfer radical polymerization (ATRP) is one of the
leading reversible deactivation radical polymerizations

(RDRPs) that have been recognized by IUPAC among ten
chemical innovations that could change our world as emerging
technologies with the potential to make our planet more
sustainable.1 ATRP is a synthetic macromolecular procedure
employing controlled radical polymerization to produce well-
defined tailored-made polymers. ATRP has been instrumental
in the development of advanced materials, including
bioconjugates and nanocomposites, with precisely designed
controlled macromolecular architecture. This short editorial
will focus mostly on current trends and the future of ATRP
related to materials chemistry but will also cover trends in the
development of powerful and selective catalytic systems
operating under benign conditions.

■ CATALYTIC/INITIATING SYSTEMS
The evolution of catalytic systems in ATRP has witnessed a
paradigm shift. Catalysts, now billions of times more active
than their original counterparts, have facilitated a substantial
reduction in the required amount of Cu-based catalysts�from
approximately 1 mol % to an impressive 1 ppm vs monomer.2

However, inevitable radical termination oxidizes such a slight
amount of activating CuI/Ligand complexes and halts
polymerization at low conversion. To overcome these
challenges, a range of mild reducing agents, including ascorbic
acid and sulfites, have been developed.3 External stimuli, such
as electrical current, light, and mechanical forces (including
ultrasound and low-frequency tribochemical forces), have been
harnessed to provide temporal and spatial control for ATRP,
not only in homogeneous systems but also in dispersed media.4

Radical polymerization is typically quenched by air (triplet O2)
forming unreactive peroxy radicals, requiring oxygen-free
conditions. This limitation has been overcome by using excess
reducing agents but also by employing oxygen as fuel using
dual enzymatic catalysis (glucose oxidase and horseradish
peroxidase) or organoboron chemistry.5,6

The intriguing prospect of catalyzing ATRP not only with
proteins but also with nucleic acids opens avenues for the
formation of more active ATRP complexes or the enhance-
ment of other catalysts through nucleic acid. While the
phenomenology of ATRP catalysis is reasonably well under-
stood, there is a call for a more in-depth structure−reactivity
and structure−selectivity correlation. Computational chemistry
emerges as a valuable tool for unraveling the unique nature of
the Cu−X bond and expanding the range of transition metal
complexes, including more benign metals like Fe. Moreover,
the potential development of efficient organic photocatalysts

offers a promising avenue to replace traditional transition
metals.7

ATRP becomes a green chemical process by significantly
diminishing the amount of catalysts that could be regenerated,
recycled, or efficiently removed. ATRP can now be conducted
in water and other benign media with tolerance to air and
driven by various external stimuli. This green shift extends to
the use of monomers and initiators derived from renewable
biobased resources.8 Ongoing progress aims to facilitate ATRP
on both macro- and microscales, with an emphasis on oxygen
tolerance for applications such as working in 96-well plates,
relevant for the synthesis of bioconjugates. Exploring other
preparative procedures, including flow chemistry, photo-
chemical processes, reactions involving large inorganic
substrates, and handling gaseous monomers, is deemed
essential for the continued advancement of ATRP.
With global polymer production exceeding 400 million tons

in 2023, the imperative of recycling, reusing, or degrading
polymers is more pressing than ever. ATRP faces challenges in
this realm, particularly with polymers from vinyl monomers
prepared by radical polymerization. Approaches involving
multifunctional initiators for stars or bottlebrushes aim to
incorporate degradable segments.9 A more promising avenue
involves the depolymerization of polymers back to monomers
and their subsequent repolymerization, ensuring the highest
quality of polymerized materials. However, it has several
chemical and energetic limitations. For example, polymetha-
crylates can be depolymerized back to monomers at rather
high temperatures, 450 to 500 °C. This significantly exceeds
the thermodynamic ceiling temperature, which is around 300
°C for bulk poly(methyl methacrylate), i.e., PMMA (Plex-
iglas). Recently, depolymerization of bulk PMMA prepared by
ATRP has been accomplished at temperatures below 200 °C,
offering significant energy savings.10,11 Moreover, polymeric
networks have been successfully depolymerized back to
monomers.12 This area should further expand to other types
of monomers.
The development of ATRP is marked by transformative

innovations, green chemistry initiatives, and the ongoing quest
for sustainable polymer processing. As we navigate the
challenges and opportunities, the future promises an expanded
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understanding of ATRP catalysis, further developments in
catalytic systems, and the continuous evolution of this
transformative polymerization procedure.

■ CONTROLLED MACROMOLECULAR
ARCHITECTURE

ATRP stands out as a technique capable of finely tuning
various aspects of macromolecular architecture. It has been
successfully applied to the synthesis of uniform polymers with
low dispersities and designed molecular weight distributions
(MWDs).13 Despite these achievements, the full potential of
the impact of MWD on materials properties, especially those
with intricate architectures, remains largely unexplored.
Another challenge is the synthesis of polymers with very
high MW, in the range of millions.14 Such polymers offer
unique properties with applications spanning biological
systems, lubrication, and drag-reduction. This frontier
necessitates the development of novel and selective catalytic
systems capable of suppressing chain-breaking reactions
(transfer and termination).
ATRP facilitates precise control over three fundamental

elements of molecular architecture: chain topology, composi-
tion, and functionality.13 In addition to traditional linear
chains, ATRP has been successfully employed to introduce
branching. For example, multifunctional initiators at the
localized core give access to multiarm stars with interesting
functionalities at the arm terminal units. Branching can be
extended to grafting-from and grafting-onto linear chains to
form dense bottlebrushes. Distinguished by supersoft proper-
ties with bulk moduli below 1 kPa, akin to hydrogels,
bottlebrushes will never dry and lose their supersoft properties
because they are diluted by 99% of soft side chains instead of
water.15 These materials can be tailored to mimic the
mechanical properties of human veins, brain, lungs, and even
fat tissue.16 Giant bottlebrushes crafted through ATRP can
attain molar masses exceeding 10 million Da.
While dendrimers exhibit beautiful regular branching

structures, their intricate synthesis demands complex protec-
tion−deprotection strategies. Recent advances in ATRP
provide access to controlled branching using inimers and
inibramers. Inimers, consisting of an ATRP initiator linker with
a polymerizable monomer, undergo homopolymerization to
yield hyperbranched polymers, albeit with high dispersity due
to a unique blend of step-growth and chain-growth processes.
Inibramers, a clever innovation, involve ATRP inactive halogen
atoms bound strongly to polymerizable double bonds. These
atoms become activated only after incorporation into polymer
chains, providing enhanced control over branching and
molecular architecture.17

The structure of networks prepared by ATRP differs
significantly from that formed by conventional free radical
polymerization. The former, marked by a delayed gelation
point, yields more uniform structures, while the latter exhibits
significant heterogeneity. Functional groups incorporated into
ATRP-generated networks can initiate the growth of additional
chains in structurally tailored engineered macromolecular
(STEM) gels, offering possibilities for both additive and
subtractive manufacturing.18 These systems can comprise two
or more interpenetrating networks with differing properties
and miscibility, showcasing the ability to grow, expand,
transform, self-heal, and self-repair.
The second element of macromolecular architecture

involves control of the composition of copolymers along the

backbone. One of the most attractive structures are block
copolymers that phase separate on the scale of ca. 10−30 nm.
Very incompatible blocks can form sub-10 nm domains,
attractive for microelectronics. It is interesting to extend binary
diblock copolymers to tri-, tetra-, or an even longer multiblock
copolymers.19 ATRP of comonomers of similar reactivities,
such as various acrylates or various methacrylates, can form
truly statistical copolymers. However, copolymerization of
more reactive methacrylates with less reactive acrylates
spontaneously generates gradient copolymers with a pro-
gressive increase of the content of polyacrylates along the chain
length. These gradient copolymers exhibit distinct thermo-
mechanical and self-healing properties compared to their
statistical, alternating, and block copolymer counterparts.20,21

ATRP offers several possibilities to incorporate functionality
into polymer chains. The most obvious is the use of monomers
with functional groups tolerant in ATRP, such as hydroxy,
amino, or acidic groups and even peptides or nucleotides. It is
also possible to incorporate functional groups at a specific
position of polymer chains, typically at α− or ω− chain ends,
using either functional initiators or replacing halogen at the
chain end by nucleophilic substitution, or other transformation
chemistry and then link them together by, e.g., “click”
chemistry.
The most challenging element of controlled architecture is

tacticity. As radicals are sp2 hybridized, they generally lead to
atactic copolymers, in contrast to coordination polymerization.
Controlled tacticity, demonstrated through examples like the
polymerization of acrylamides in the presence of lanthanides
such as Y(OTf)3 and Yb(OTf)3, offers a glimpse into this
intricate realm. These salts coordinate preferentially to the
penultimate and the last amide moieties in the growing chain
and force them to the meso configuration. The incoming
monomer fixes the meso dyad and generates isotactic
polyacrylamide with >90% meso dyad with a catalytic salt
amount (5%). Interestingly, introducing the complexing salt
after 50% acrylamide consumption in ATRP converts atactic to
isotactic placement, producing atactic−isotactic stereoblock
copolymers.22 Recent studies enhanced the isotactic content
by auxiliary placement of the bimetallic complex.23 It will be
interesting to explore the effect of congested or confined space
on tacticity.

■ HYBRID MATERIALS (NANOCOMPOSITES AND
BIOCONJUGATES)

ATRP has proven highly effective in synthesizing diverse
hybrid materials by bridging well-defined synthetic polymers
with natural substances to create bioconjugates, as well as with
various inorganic substrates to develop nanocomposites.
Inorganic substrates include flat wafers, other planar substrates,
and also various beads and nanoparticles, such as silica, titania,
ZnO, BaTiO3, magnetic Fe3O4, pigments, or Au.24 Nano-
particles with densely grafted polymer brushes had excellent
dispersibility in organic solvents or water, forming stable
dispersions and preventing undesirable aggregation. Bulk
properties showed enhanced toughness, moduli, and custom-
izable self-healing properties. At high grafting density,
nanoparticles arrange into regular morphological features but,
at lower graft density, they can self-organize into strings or
small aggregates.25 This provides the possibility to fine-tune
thermomechanical and transport properties which can be
further controlled by external factors resulting, e.g., in shear
thickening. Initially, preparation of such hybrids required
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anaerobic conditions and high concentration of Cu-based
catalysts. However, the advent of low ppm Cu catalytic systems
with activators regeneration introduced oxygen tolerance and
opened “ATRP-for everyone” conditions in the presence of
chemical reducing agents, light, or even copper plates.26,27

Light offers an additional possibility of spatial control and
patterning. This has been successfully done on a small scale, on
10 × 10 cm wafers and even much larger surfaces through roll-
to-roll procedures.28 Nanostructured polymers and hybrids
prepared by ATRP find applications as integral components in
membranes or batteries. Grafting ATRP polymers from or
onto liquid metals such as eutectic Ga−In alloys provides
attractive materials suitable for soft robotics with excellent
thermomechanical and conductive properties.29

The second category of hybrid materials comprises
bioconjugates formed by covalently linking polymers with
carbohydrates, nucleic acids, and proteins.30 The most dense
grafting can be achieved by using grafting-from procedures
after converting, e.g., surface lysine groups in proteins into Br-
amido ATRP initiators.31 As lysine groups have different
reactivity (pKa and steric accessibility), it is possible to control
the attachment position of initiators using active and “dummy”
initiating species.32 Subsequent polymerization of various
monomers from the protein surface results in protein−polymer
hybrids capable of withstanding harsh conditions (high
temperature, pH), making them potent catalysts, even in
organic solvents. Even more interesting is to use modified
proteins for therapeutic purposes. Such bioconjugates preserve
their activity, increase circulation time, and reduce immuno-
genic response.33 An intriguing possibility involves conjugating
antibodies with polymers carrying drugs, with multifunctional
bottlebrushes potentially carrying tens or even hundreds of
cleavable drugs attached to a single antibody. ATRP facilitates
the growth of not only linear but also branched chains and
polymers with lower or upper critical solution temperatures.
Another class of bioconjugates is prepared by linking

polymers with nucleic acids, encompassing both DNA and
RNA. Initially, solid-state synthesis of nucleic acids, followed
by the addition of phosphoramidite with an ATRP initiator,
facilitated the preparation of block copolymers. Recent
advancements involve serinol-based phosphoramidite with an
ATRP initiating site, allowing incorporation at any specific
position in DNA or RNA.34 This opens up the possibility to
form graft copolymers and multisegmented block copolymers.
Acylation of OH-groups in RNA with either ATRP initiators or
a polymerizable methacrylate/methacrylamide moiety presents
new opportunity for bioconjugation.35 This has been applied
not only to the synthetic RNA but also to the low-cost
biomass-derived RNA, enabling the creation of selectively
degradable hydrogels.36 Strong interactions between DNA and
specific fluorescent dyes offer potential for new, selective
photocatalytic systems. Attaching ATRP initiators to choles-
terol-like hydrophobic units positions them at the cell
membrane to grow polymers from the cell surface. A similar
strategy has been applied to vesicles with short shelf lifetimes,
such as exosomes, greatly extending their shelf lifetime and
stability against nucleases.37

In essence, ATRP proves versatile in modifying various
natural products, enhancing their performance, and contribu-
ting to the development of next-generation drugs or delivery
systems. Surface modification of solid materials with polymers
via ATRP can significantly impact their antifouling or
antibacterial properties, as well as their lubricity in joints.

Furthermore, the meticulous design and control of macro-
molecular architecture enable the creation of materials with
properties closely resembling bone or tissue, aligning with the
mechanical characteristics of hard cartilage, soft brain tissue, or
even adipose (fat) tissue.

Krzysztof Matyjaszewski orcid.org/0000-0003-1960-3402
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