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ABSTRACT

Reversible-deactivation radical polymerization (RDRP) processes, such as atom transfer radical polymer-
ization (ATRP), reversible addition-fragmentation chain transfer (RAFT) polymerization and nitroxide me-
diated polymerization (NMP) have revolutionized polymer synthesis by providing polymer chemists with
powerful tools that enable control over architecture, composition and chain length distributions. The user-
friendly nature of these procedures have allowed RDRP-derived polymers to be used in the construction
of advanced materials with unique and enhanced properties. This review covers the progress of RDRP
from its conception to the current state-of-the-art. A brief introduction to the sources of RDRP, general
mechanisms, and methodological progressions are presented, and the suite of advanced and highly tai-
lorable materials possible through these techniques is discussed to illustrate the significant potential for
even greater impact across multiple disciplines.
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1. Introduction

With the anniversary of Staudinger’s pioneering work on
macromolecular structures, it is instructive to examine the impact
of polymer science in providing solutions to a multitude of societal
issues, while also presenting key directions for addressing future
challenges. Indeed, the utilization of polymer materials is com-
monplace in our everyday lives, from commodity polymers used
as packaging, paints, or structural materials, to highly engineered
polymers used in microelectronics and medicine. Finding new or
improved polymer-based solutions to these challenges will require
advances in synthetic polymer chemistry, with the ability to tune
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properties such as biocompatibility, degradability, and mechanical
strength through the control of polymer structure being key.

While the future promise of polymer materials is clear, the ma-
jority of commercial polymers are produced via conventional step
growth or chain growth polymerizations with limited ability to
impart fine control over macromolecular structure. Chain growth
polymerizations are often characterized by the generation of an ac-
tive initiating species, propagation by addition of monomer units
and the eventual termination of the polymer chains. The occur-
rence of unavoidable and irreversible chain transfer/termination re-
actions leads to broad chain length distributions that are inactive
with respect to further chain growth; effectively “dead” chains. The
properties of polymer materials and the controlled introduction of
functional building blocks is therefore limited.

To overcome these challenges, polymerization techniques have
been developed which reduce irreversible termination and al-
low for macromolecular composition, topology, and polymer chain
length distributions to be more precisely controlled. A seminal
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polymerase chain reaction
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supplemental activator and reducing agent
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single-chain polymeric nanoparticle

single electron transfer
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small interfering ribonucleic acid

styrene

structurally tailored and engineered macro-
molecular

TERP organotellurium mediated radical polymer-
ization
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nated to a halide

Xn degree of polymerization

X Flory-Huggins interaction parameter

example is the work of Szwarc describing living ionic polymer-
izations in which termination of the propagating species is com-
pletely avoided through rigorous control over reaction conditions
and monomer purity. [1] Following polymerization, further addi-
tion of other monomers allows the polymerization to continue, in
turn leading to the formation of block copolymers. As the ionic
propagating species in these systems are incapable of being termi-
nated by combination or disproportionation, these processes can
be considered as living, in the absence of irreversible chain trans-
fer. [2]

In contrast, radical chain growth processes involve unavoidable
radical-radical reaction events which does not allow these systems
to be living. However, strategies have been developed to effec-
tively minimize radical termination and allow radical polymeriza-
tion to display most of the characteristics of living polymerization.
[2,3] Otsu and Yoshida’s introduction of the initiator-transfer agent-
terminator (iniferter) concept in 1982 [4] is widely considered to
be one the first examples of “living” radical polymerization, along
with Borsig’s work using 3,3,4,4-tetraphenyl-hexane as labile ini-
tiator, [5] and Tatemoto’s work on iodine transfer polymerization
(ITP). [6] In Otsu’s work, the initial iniferter is a tetraethylthiuram
disulfide that can be cleaved at 60 °C or under UV irradiation in
the presence of methyl methacrylate (MMA) or styrene (St) to form
a telechelic dithiocarbamate capped PMMA or PSt with molecu-
lar weights that are dependent on the initial ratio of iniferter to
monomer. Critically, the dithiocarbamate functionalized polymers
also behaved as iniferters and UV irradiation in the presence of
additional monomer led to the formation of diblock copolymers,
thus demonstrating reversible termination behavior and reactiva-
tion of dormant polymer chains, via a radical mechanism. It should
be noted however, that the dithiocarbamate end-groups were de-
graded during this process and major advances were needed for
the development of controlled radical polymerization systems.

Driven by the increased versatility of radical polymerization
compared with ionic polymerizations, including wider monomer
scope and scalable, user-friendly reaction conditions, there has
been an explosion of interest in the development of effective
strategies for imparting living characteristics to radical polymeriza-
tion. [7-14] These systems can be broadly categorized into three
distinct chemical mechanisms: stable radical-mediated polymer-
ization, atom transfer radical polymerization, and degenerative-
transfer radical polymerization (Fig. 1a). While such systems were
commonly called living radical polymerization, controlled radical
polymerization or controlled/living radical polymerization (CLRP),
in 2010 TUPAC recommended the use of the term reversible-
deactivation radical polymerization (RDRP) as an encompassing
terminology. [2] IUPAC also deprecated all terms that include “liv-
ing radical” in attempting to describe a radical polymerization that
has some living characteristics but in which some amount of irre-
versible chain termination occurs. These deprecated terms include
“living radical”, pseudo-living radical, quasi-living radical, and con-
trolled/living radical.
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Fig. 1. Mechanism and prevalence of RDRP. a) General mechanisms of reversible-deactivation radical polymerization. P,+: propagating radical species, P,-X: dormant capped
polymer chains. b) Cumulative Number of papers (articles and reviews) for RDRP from 1995. ¢) Cumulative Number of patents for RDRP from 1995. Data generated from
SciFinder on August 21, 2020 using the search terms for ATRP: "atom transfer radical polymerization”, for RAFT: "RAFT polymerization”, and for total RDRP: those previously
outlined for ATRP and RAFT in addition to “nitroxide mediated polymerization”,“controlled radical polymerization”, “living radical polymerization”, or “reversible deactivation

radical polymerization”.

The successful demonstration of increased versatility, high level
of control over the polymerization process, and non-stringent con-
ditions has allowed RDRP to become the preeminent method for
polymerization of vinyl monomers. A clear indication of this suc-
cess is the high number of publications annually, and the broad
multidisciplinary fields in which RDRP has been applied. Fig. 1b
shows the cumulative number of publications (articles and re-
views) for RDRP and the two most commonly used RDRP tech-
niques, namely atom transfer radical polymerization (ATRP) and
reversible addition-fragmentation chain transfer (RAFT) polymer-
ization. A similar increase in industrial interest is reflected in the
patent literature (Fig. 1c).

Since the development of effective RDRP techniques in the
1990’s, the growth of the field has been substantial, with
more than 30,000 total publications and around 4,000 patents.
From early studies focused on method development, RDRP has
evolved to encompass an extensive suite of capabilities that fa-
cilitate the preparation of polymers for therapeutic applications
(nanomedicine), nanotechnology, and materials science. As such, a
comprehensive review of RDRP is impractical; instead, the focus of
this manuscript is to highlight the major developments and pro-
vide an overview of the current capabilities and future potential
of RDRP. Herein, the fundamental benefits of RDRP are introduced
and compared with those of other polymerization techniques. The
unique benefits of RDRP are identified and the evolution of the
major variants of RDRP presented. The synthetic methodologies for
the preparation of well-defined macromolecules by RDRP and the
applications thereby enabled are described. Finally, the authors of-
fer perspectives on the field and trends for future materials, their
production and commercialization.

2. Benefits of reversible-deactivation radical polymerization

A range of effective strategies for RDRP have been developed
which differ in their reaction mechanisms, and reagents and condi-
tions used. However, they are linked by an ability to provide effec-
tively simultaneous growth of all polymer chains. This even chain

growth can be achieved when all chains commence growth at the
commencement of polymerization, the fraction of chains that un-
dergo termination is small with respect to the total number of liv-
ing (dormant + active) chains, and the dynamics of dormant-active
equilibria is rapid with respect to chain growth and is achieved
with the aid of control agents (X). With careful selection of the
polymerization conditions, and the initiator (P;-X) and control
agent (X), the concentration of dormant polymer chains (P,-X) far
exceeds that of the active propagating species during polymeriza-
tion (typically [P,-X]/[Pre] > 100,000), [15] and irreversible termi-
nation between active propagating radicals can be reduced such
that the polymerization shows many of the characteristics nor-
mally associated with living polymerization.

One of the main benefits of RDRP stems from the stability and
orthogonal nature of the control agent, which allows the polymer-
ization to proceed continuously as in a living process. For the pro-
duction of linear polymers, successful RDRP displays linearly in-
creasing polymer molecular weights with monomer conversions.
As the reagent stoichiometry determines the average number of
monomer units per polymer chain (i.e. the predicted degree of
polymerization (X;) at full monomer conversion), polymers with
predetermined number average molecular weight (My) can be eas-
ily achieved by altering the initial concentrations of control agent
and monomer and/or running the reaction to a defined monomer
conversion (Fig. 2b). In addition, if the initialization process and
the rate of active dormant chain equilibration is rapid compared
to propagation, the breadth of the polymer chain length distribu-
tions is minimized and can approach that of a Poisson distribution
(Fig. 2c-d). It should be noted that the linear relationship between
polymer molecular weight and monomer conversion in RDRP is a
direct result of high end-group fidelity; side reactions that result in
the loss of control agent can lead to deviations between predicted
and experimentally achieved molecular weights.

Retention of the chain-end functionality throughout the poly-
merization also allows the polymer chains to be extended in the
presence of additional monomers (Fig. 2a). The ability to perform
repeated chain extensions allows the formation of topologically
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Fig. 2. Benefits of successfully mediated RDRP. a) Representative process showing the production of diblock copolymers through RDRP; b) linear relationship between
monomer conversion and number average molecular weight; c) even chain length distributions; d) narrow molecular weight distributions approaching a Poisson distribution
and the complete shift in molecular weight upon chain extensions; e) high tolerance of typical propagating radical specie to various functional groups.

complex macromolecules, including block, star, and brush copoly-
mers and diverse variants thereof (vide infra). In combination with
the tightly controlled molecular weights and polymer chain length
distributions possible through RDRP, these architecturally diverse
polymers have enabled additional opportunities for polymeric ma-
terials in high-tech applications owing to their more finely con-
trolled properties.

Another major benefit of RDRP is the orthogonal reactivity
of radical polymerization, which provides effective polymerization
under more diverse reaction conditions compared with other poly-
merization techniques. Although the ability to control polymer
molecular weights and perform chain extensions are outstanding
benefits of RDRP, they are not exclusive to RDRP. Indeed, cationic,
anionic, ring opening, and ring opening metathesis polymerization
systems can all be used in this regard. However, as RDRP is a rad-
ical mediated process, it can be performed under more diverse re-
action conditions and in the presence of a greater range of chem-
ical functionalities compared with other polymerization systems
(Fig. 2e). For instance, cationic and anionic polymerizations must
be typically performed under very stringent conditions in the ab-
sence of water and air (oxygen and carbon dioxide) due to the sen-
sitivity of the active propagating species to these impurities. Com-
paratively, RDRP can be performed in a wider range of solvents,
including aqueous media. In addition, although the radical prop-
agating species in RDRP are sensitive to oxygen, several strategies
have been developed to allow polymerization to proceed fully open
to the air (vide infra). [16]

In concert with wide tolerance to different reaction conditions,
RDRP is compatible with a varied range of chemical functionalities,
which has allowed the synthesis of a broader range of functional
polymers compared with other polymerization techniques. For ex-
ample, the polymerization of functional monomers containing car-
boxylic acids, alcohols, esters, and secondary and tertiary amines
can all be successfully controlled through RDRP approaches. Addi-
tionally, the dormant chain end functionality in RDRP derived poly-
mers is synthetically accessible and many strategies exist to mod-

ify the end-group functionality after polymerization to allow for
further transformations. [17,18]

3. Mechanistic progression of RDRP

In the interests of brevity, the following section provides only
a general overview of the mechanisms for the reversible deacti-
vation of propagating radicals for the most widely utilized RDRP
processes. It should be noted, however, that a multitude of mech-
anistically distinct RDRP variants have been developed to provide
control over the propagating radical activation-deactivation equi-
librium. In addition, as with any chemical process, kinetic factors
underpin the effectiveness of RDRP under different reaction con-
ditions; while reaction kinetics for RDRP are largely outside of
the scope of the present review, interested readers are referred to
more comprehensive literature on the topic. [15,19]

3.1. Mechanisms of RDRP

In the mid-1980s, an RDRP process was developed at the Com-
monwealth Scientific and Industrial Research Organization (CSIRO)
that exploited stable aminoxyl radicals to reversibly deactivate
propagating radical species. [20,21] The CSIRO research focused on
production of low dispersity, acrylate-based polymers of relatively
low molar mass and little was published in the open literature.
This aminoxyl-mediated radical polymerization, more commonly
referred to as nitroxide-mediated polymerization (NMP), came to
prominence in the early 1990s when Georges and colleagues ap-
plied NMP to produce low dispersity polystyrene, [8] and was
popularized further through the discovery, by Hawker, Benoit and
others, of more versatile nitroxides capable of mediating effec-
tive RDRP of a wider range of monomer families and extension
to alkoxyamine initiating systems. [8,22-25] NMP is performed via
a stable radical mediated polymerization mechanism (Fig. 3a). At
elevated temperatures, the alkoxyamine C-ON bond is cleaved to
form a carbon centered radical (P,+) capable of reacting with vinyl
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Fig. 3. Simplified mechanisms of activation-deactivation equilibria in RDRP. a) Nitroxide mediated polymerization; b) ATRP; c) RAFT polymerization.

monomers and a stable nitroxide radical (R;R;NO-). Recombina-
tion of the propagating radicals and the nitroxide radicals reforms
a dormant alkoxyamine species (R{R,;NO-P;). Critically, the C-ON
bond homolysis is dependent on both the reaction temperature
and the alkoxyamine structure, and many variants have been syn-
thesized to successfully regulate RDRP.

In 1994-1995, Matyjaszewski and Wang, [9] and Sawamoto’s
team, [10] independently presented new metal catalyzed RDRP
processes that operated through an atom-transfer radical addition
process. [26,27] The system developed by Sawamoto and cowork-
ers employed dichlorotris(triphenylphosphine) ruthenium(Il) as a
metal catalyst in conjunction with a bulky Lewis acid to me-
diate the reversible chlorination of MMA propagating radicals.
[10] Matyjaszewski and Wang used a ligated copper complex as
the metal catalyst in the absence of a Lewis acid to mediate
the reversible chlorination of styrenic propagating radical species
and provide successful RDRP. Owing to the use of redox-active
transition metal catalysts, these processes are often called metal-
catalyzed living radical polymerization, [11,28] but are more com-
monly referred to as atom transfer radical polymerization (ATRP).
[29,30] Since these early systems, a large variety of other ATRP sys-
tems have been developed that use free radical initiators, [31] re-
ducing agents, [32,33] or zero valent metal species [34-36] to re-
duce the required catalyst concentrations and reaction tempera-
tures by modulating the activator-deactivator equilibrium. Further-
more, while the majority of systems use copper complexes to me-
diate RDRP, [37] a variety of other redox active transition metal
complexes can also be used effectively [28,38] and all of these suc-
cessful systems benefit from a wide range of potential ligands that
can be used to further modulate catalyst activity.

For ATRP systems, although the starting reagents and catalytic
system can vary considerably, the activation-deactivation mecha-
nisms generally follows the same pattern: the activating transition
metal complex in its lower oxidation state (Mt™/L, where Mt™ is a
transition metal species with an oxidation state of m, and L is a lig-
and) reacts with a dormant alkyl halide (P,-X) to form an oxidized
transition metal complex coordinated to a halide (X-Mt™+1/L) and
a carbon centered propagating radical species (Py¢). The deactivat-
ing transition metal-halide complex can then react with the prop-
agating radical species to reform the dormant polymer chains and
the original transition metal complex (Fig. 3b). It should be noted
that there has been debate over the mechanism for some variants
of Cu(0) mediated ATRP; however, the activation process of dor-
mant species is predominantly based on the reaction with Cu(I)/L
complexes and deactivation of growing radicals by the reaction
with Br-Cu(Il)/L complexes. Cu(0) acts as reducing agent and as
a supplemental activator (SARA). [39] Regardless, ATRP has been
used extensively to perform successful RDRP as demonstrated by
the consistently high number of publications in this area over the
past 20 years (Fig. 1b).

Reversible  addition-fragmentation  polymerization  using
macromonomers (the process was not called RAFT polymer-
ization at the time) to form low dispersity methacrylate-based
block copolymers was reported by CSIRO in 1995. [40,41] That
method (now called sulfur-free RAFT) had limited applica-
tion, but led to the development at CSIRO of the third major
class of RDRP in 1998. [12] The process, now called reversible
addition-fragmentation chain transfer (RAFT) polymerization, used
thiocarbonylthio compounds to regulate the degenerative exchange
of propagating radical species generated via conventional radical
initiators. As shown in Fig. 3¢, the propagating radical species can
add to a thiocarbonylthio group to form an intermediate radical
species, which further fragments at the weak C-S bond to form
a dormant thiocarbonylthio-capped chain and a new propagating
radical. [42,43] Successful RDRP can be achieved if the intermedi-
ate radical species fragments rapidly which allows all chains in the
mixture to grow at approximately the same rate and thus narrow
polymer chain length distributions are obtained. Upon completion
of the polymerization, most chains are dormant and retain their
thiocarbonylthio end-group, which allows isolation and repeated
chain extensions to be performed.

RAFT polymerizations have been developed to use a range
of thiocarbonylthio compounds, including many variants of
dithioesters, [44,45] trithiocarbonates, [46] and dithiocarbamates.
[45,47-49] Inspired by Zard’s early work, [50] a RAFT variant that
utilized xanthates to regulate polymerization was developed at ap-
proximately the same time as the pioneering CSIRO work. This
process was termed macromolecular design via the interchange of
xanthates (MADIX) and patented by Rhodia. [51,52] The MADIX
and RAFT processes are essentially identical mechanistically, how-
ever, the structure of the thiocarbonylthio compound (i.e. the acti-
vating group, Z and the homolytic leaving group, R) determine the
effectiveness of RDRP in controlling the polymerization of various
monomers (MADIX is more suitable for less-activated monomers,
such as vinyl acetate). [42,53]

The processes described above, especially ATRP and RAFT poly-
merization, are the most utilized for RDRP. It should be noted,
however, that several other systems have been developed, some
earlier than ATRP or RAFT, to perform effective RDRP. For instance,
one of the earliest examples of RDRP utilized iodo-compounds
to regulate polymerization via a degenerate transfer radical poly-
merization mechanism. [54]| This process, called iodine transfer
polymerization (ITP), relies on an exchange of an iodine cap-
ping agent between dormant alkyl iodide polymer chains and
propagating radical species. [6,14,55,56] lodine compounds have
also been used as capping agents to reversibly deactivate radi-
cal polymerization through the use of germanium, tin, and phos-
phorus catalysts, [57] and even amines. [58] These systems can
be considered to operate via an atom-transfer radical polymer-
ization mechanism, whereby the iodine is reversibly transferred
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between the dormant polymer chain and the deactivating species.
[2] Several organometallic mediated RDRP systems have also been
developed, most notably organocobalt mediated radical polymer-
ization, [13,59,60] but also organotellurium (TERP), organostilbine
(SBRP), and organobismuthine-mediated polymerizations (BIRP).
[61] These polymerizations generally follow a stable radical me-
diated polymerization mechanism, however, they can also follow
both stable radical mediated and degenerate transfer radical poly-
merization mechanisms. [59]

3.2. Advances in RDRP techniques

While early RDRP systems were primarily activated thermally at
elevated temperatures, more modern developments have focused
on performing these reactions under more diverse conditions to
address a broader scope of applications, particularly temperature
sensitive bioapplications. In this regard, a range of different initiat-
ing systems have been used to induce RDRP, including those based
on electrochemical potentials, [62] mechanical force, [63] enzy-
matic systems, [64] and light activation. [65,66]

3.2.1. Electrochemical RDRP

In 2011, Matyjaszewski and coworkers proposed the external
control of ATRP through the application of electric current, termed
eATRP. [62] In this work, a cathodic current was used to reduce
the deactivator, a ligated copper complex (Cu''-Br,/MegTREN), to
form a Cu!-Br/MegTREN species that could invoke ATRP through
the regular halide transfer process from dormant halide capped
species (Fig. 4a). Critically, the applied potential, current and to-
tal charge could be manipulated, which allowed the polymeriza-
tion rate to be tuned or even completely stopped and restarted
by periodic switching of the applied potential. Based on this in-
sight, recent publications have addressed the possibility of per-
forming electrochemically mediated RDRP through RAFT (named
eRAFT) [67-69] and NMP. [70]

3.2.2. Light mediated RDRP

Outside of thermal initiation, photochemical activation has been
the most frequently used method for activating and controlling
RDRP. [71-73] A number of photochemical strategies have been ap-
plied for radical generation in RDRP, including conventional type I
and type II photoinitiation systems under UV irradiation that have
been historically used for radical generation in uncontrolled radical
polymerization processes. [74] Following radical generation, RDRP
can proceed via the regular mechanisms outlined previously. More
recently, strategies have been developed that allow the activation-
deactivation equilibrium to be externally controlled through the
application of light; such systems are often referred to as photo-
controlled. As a result, these processes show spatiotemporal con-
trol, allowing the polymerization to be stopped and started on-
demand in a spatially resolved manner. [75]

In 2013, Hawker and Fors developed a photocontrolled ATRP
process using visible light photoredox catalysis. [65] In this sys-
tem, irradiation of the Ir-based photoredox catalyst produces an
excited state species that has both higher reduction and oxida-
tion potentials in the excited state. [76] The excited state species
can reduce an alkyl halide initiator to provide a propagating rad-
ical species and an oxidized catalyst-halide complex (Fig. 4b). The
now highly oxidizing photoredox catalyst complex can reform the
dormant polymer chains and the starting catalyst through recom-
bination to close the catalytic cycle. This photoATRP process has
been widely used since it was developed, with many reports il-
lustrating and exploiting the high spatiotemporal control imparted
through the use of light. [77-79] Moreover, the use of fully or-
ganic photoredox catalysts has provided effective RDRP that tailors
towards applications that require stringent metal-free conditions.
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[80-83] PhotoATRP can also be accomplished without photoex-
citation of Cu(I)/L activators, but by photoreduction of X-Cu(II)/L
species in the presence of electron donors. This process effectively
increases the [Cu(I)/L]/[X-Cu(Il)/L] ratio and accelerates polymer-
ization which would otherwise halt due to radical termination pro-
cesses. [84,85]

A powerful extension of photocontrolled RDRP using read-
ily available photocatalysts has been described by Boyer and
coworkers. [66] This process, called photoinduced electron/energy
transfer-RAFT (PET-RAFT) polymerization, relies on excitation of
a photocatalyst (PC) and subsequent interaction with thiocar-
bonylthio groups to induce either electron or energy transfer from
the PC to the thiocarbonyl group. The destabilized RAFT agent then
undergoes cleavage of the weak C-S bond to form a propagat-
ing radical and a stabilized RAFT agent fragment. Recombination
of the propagating radical species with the stabilized RAFT frag-
ment closes the catalytic cycle and regenerates the dormant RAFT
agent species (Fig. 4c). The propagating radical species can then in-
teract with other dormant RAFT agent capped polymer chains via
the regular RAFT degenerative exchange process. Critically, the use
of a photocatalytic species in PET-RAFT polymerization eliminates
the need for radical initiators in conventional RAFT polymeriza-
tion, enabling preservation of the «-chain-end functionality. Much
like photoATRP, a wide range of metal and organic photocatalysts
has been used to mediate effective PET-RAFT polymerization. [86-
90| An outstanding benefit of the PET-RAFT technique is oxygen
tolerance, which allows the polymerization to be performed under
less stringent reaction conditions, and even under fully open to air
conditions. [89-91]

While photoATRP and PET-RAFT polymerization have been the
most widely implemented photocontrolled RDRP systems, many
other works have been developed to exploit the benefits of pho-
tochemistry. [71] For instance, the early iniferter concept [4] de-
scribed by Otsu and Yoshida has been performed using UV light,
[92,93] and even extended to more mild activation under visible
light irradiation. [94] Additionally, photocontrolled NMP systems
have been developed by Gigmes, Lalavee and coworkers based
on the photoactivation of chromophores tethered to the nitroxide
group, and subsequent C-ON bond homolysis. [95] Other notable
systems include photoinduced organocobalt mediated polymeriza-
tion systems developed by Fu and coworkers, [96] and photoin-
duced reversible complexation mediated polymerization systems
developed by Goto and coworkers. [97]

3.2.3. Mechano-initiation in RDRP

The development of mechanochemistry has also inspired poly-
mer chemists to develop systems which can be activated by me-
chanical stimuli. Mechano-initiation has been successfully imple-
mented in RAFT and ATRP, with an excellent example being the
report by Esser-Kahn and coworkers on the use of commercially
available barium titanate (BaTiO3) piezoelectric nanoparticles and
mechanical force in the way of ultrasonication to induce ATRP. The
piezoelectric nanoparticles reduce the ligated Cu!! deactivator com-
plexes to the corresponding Cu! activators under ultrasonication,
allowing for ATRP in the presence of n-butyl acrylate (nBA) and an
alkyl bromide initiator (Fig. 4d). [63] In this case, the generation of
the activating species required constant ultrasonic agitation, which
provided a route for time dependent polymer growth. Other son-
ication induced polymerization protocols have been described for
ATRP [98] and RAFT. [99] Matyjaszewski, Xia and coworkers have
also developed mechano-ATRP through the incorporation of piezo-
electric zinc oxide nanoparticles, where an electron transfer from
the nanoparticles to ATRP Cu catalysts was activated under ultra-
sonic agitation to initiate the polymerization. [100] Alternatively,
Qiao, Ashokkumar and coworkers proposed ultrasonication of wa-
ter as a means to generate hydroxyl radicals for polymerization.
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[99] In contrast to previous work which employed low frequency
sonication for polymerization, the authors demonstrated that high
frequency (~400 kHz) sonication promoted the pyrolytic degrada-
tion of water into hydroxyl radicals, which were then used to ini-
tiate a RAFT polymerization process.

3.2.4. Biologically inspired initiation systems

Enzymes and bioinspired catalysts have also been used as al-
ternatives to activate RDRP at ambient temperatures. For example,
Bruns and coworkers have shown that metalloproteins including
the hemoprotein horseradish peroxidase (HRP), hemoglobin, and
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human erythrocytes are all capable of initiating ATRP in the pres-
ence of reducing agents such as ascorbic acid. [101,102] The mech-
anism for polymerization in these systems is proposed to occur
via reduction of the enzyme by the reducing agent, and the sub-
sequent abstraction of the halogen on alkyl halide initiators by
the enzyme, typically via an iron heme group. Matyjaszewski and
coworkers have similarly demonstrated that hemin and synthetic
analogues can be used for ATRP. [103]

For RAFT polymerization, the groups of An and Konkolewicz
have demonstrated that HRP catalyzed polymerization can be in-
duced in the presence of acetylacetone and hydrogen peroxide
(Fig. 4e). [104,105] In these systems, enzymolysis of hydrogen per-
oxide forms hydroxyl radicals, which can subsequently abstract hy-
drogen from acetylacetone to provide carbon centered radicals ca-
pable of adding across monomer double bonds. Notably, other sys-
tems for radical generation using similar bioinspired reactions have
been proposed; these radicals can often be used either directly
or indirectly to initiate RDRP in the presence of suitable control
agents. [106,107] Critically, the use of enzymes provides an envi-
ronmentally friendly polymerization approach as the catalysts are
typically derived from renewable sources. Additionally, polymer-
ization can often be activated under mild conditions including in
biological media, which tailors these systems to a wide range of
bioapplications and use by non-experts.

4. Synthetic scope and methodologies for RDRP
4.1. Chemical compatibility of RDRP

The high tolerance to functional groups and reaction
conditions in RDRP is evidenced by its extensive syn-
thetic scope. Indeed, RDRP has been widely exploited for
the polymerization of an almost endless pool of vinyl
monomers and in various solvent environments. For exam-
ple, functional styrenics, [8,9,12,23,108,109] (meth)acrylates,
[12,13,23,58,65,110] (meth)acrylamides, [23,66] vinyl esters,
[52,66] and many other monomers, [23,34,36,66,111] have all
been successfully polymerized by RDRP. Furthermore, polymer-
ization has been conducted in bulk, [8,9] and in a range of
solvents including protic and aprotic solvents with varied polar-
ities, [12,62,66] aqueous media, [99,112] ionic liquids, [113] and
supercritical CO,. [110]

In addition to the wide scope of polymerizable monomers
and reaction conditions, RDRP is also broadly compatible with
other chemistries, which allows additional opportunities for ad-
vanced materials syntheses. [114] A wide range of strategies, no-
tably “click” chemistry and other highly efficient covalent link-
ing chemistries, have been developed to post-modify the proper-
ties and functionality of polymer chains formed via RDRP. Exam-
ples include the covalent linking of polymer chains for block or
star copolymer formation, [115-117] modification of the polymer
side chain functionality, [118-120] and coupling of functional small
molecules [121] or biological substrates [122,123]| with polymer
chains, among many others. [18,124-126] In addition, the function-
ality of the dormant polymer end-groups (thiocarbonylthio groups,
alkyl halides, etc.) can be chemically altered for secondary modifi-
cation processes. [127-130] Such polymer post-modification strate-
gies greatly expand the scope of materials possible through RDRP.
Indeed, many of the applications of RDRP derived materials rely on
polymer-post modification strategies to enhance the functionality
of the polymer chains prior to their implementation (vide infra).

The majority of polymerization and polymer post-modification
protocols have been performed using multistep strategies, how-
ever, under carefully considered conditions, both reactions can
be performed either simultaneously or sequentially in a single
pot. [121,131,132] These approaches rely on the independence (or-
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thogonality) of each reaction pathway to allow more complex
multistep syntheses without the requirement of tedious handling
and purification steps. [133] The broad chemical scope of RDRP
provides many opportunities to perform macromolecular synthe-
ses through such reactions, including for the simultaneous con-
trol of multiple independent polymerizations and the selective
regulation of a single polymerization process through multiple
stimuli, [134] e.g. chemical concentrations, [135,136] temperature,
[137,138] pH, [139] electrochemical potential, [140] magnetic fields,
[141] or irradiation wavelengths. [142,143] Critically, the ability
to impart a fine level of control over polymerization and post-
modification strategies through external stimuli provides a high
degree of control over the final material properties. [144]

4.2. RDRP production methods

Early RDRP processes were typically performed via traditional
polymerization procedures; [8,9,12] purified monomer, initiator,
solvent, and control agents are added to a flask, deoxygenated via
freeze-evacuate-thaw cycles or purging with argon or nitrogen, and
subsequently heated in constant temperature baths for the dura-
tion of the reaction. These methods provide conditions where rad-
ical scavenging by molecular oxygen and retardation of the poly-
merization via side-reactions with impurities are largely avoided.
The development of RDRP has provided more robust production
methods (Fig. 5¢) compared to these early batch systems, including
systems which do not require external deoxygenation procedures
prior to polymerization. [16,145,146] In traditional radical polymer-
ization systems, molecular oxygen can react with propagating rad-
icals to form alkyl peroxides, in turn retarding the polymerization
and often leading to a loss of control over the polymerization pro-
cess. While external deoxygenation procedures are effective, they
significantly limit the ability for RDRP to be performed under less
stringent conditions and increases the overall process complexity.
In this regard, progress was made by Matyjaszewski and coworkers
as early as 1998 through the application of activators regenerated
by electron transfer (ARGET) ATRP with zerovalent metals. The in-
trinsic elimination of oxygen in these systems was proposed to oc-
cur through the oxidation of Cu(I)/L species, to form Cu(Il) species,
which could regenerate the active Cu(I)/L species via reduction
or comproportionation with Cu(0) species. This reaction decreased
the concentration of molecular oxygen and thus provided a deoxy-
genated environment in which polymerization could proceed effe-
ciently. [147] Notably, other ATRP variants including initiators for
continuous activator regeneration (ICAR)-ATRP, [148] single elec-
tron transfer (SET)-LRP/SARA-ATRP, [34,149] photoATRP [150] and
eATRP [62] can all display some level of tolerance towards molec-
ular oxygen through similar deoxygenation procedures, i.e., via 0x-
idation and regeneration of catalysts. [16]

For RAFT polymerization, two main strategies have been de-
veloped to allow polymerization to proceed without prior deoxy-
genation. The first strategy uses enzymes for deoxygenation, as de-
scribed by Yagci and coworkers for radical polymerization. [151] In-
spired by this early work, Stevens and coworkers [152] imple-
mented enzymes such as glucose oxidase (GOx) in RAFT polymer-
ization to consume oxygen in the presence of glucose, to form hy-
drogen peroxide and gluconolactone. [153] The enzyme degassing
strategy is attractive due to the high compatibility of GOx in aque-
ous systems and its relatively low cost. The other main strategy to
provide oxygen tolerance in RAFT polymerization is via the use of
photocatalysts, as in PET-RAFT polymerization. [66,89-91] In con-
trast to the enzyme degassing strategy, which is typically limited
to aqueous systems, the use of photocatalysts allows implementa-
tion in a wider range of solvents and experimental conditions. Fol-
lowing photoexcitation, the catalyst is proposed to either reduce
molecular oxygen to spectator superoxide species, [66] or alterna-
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tively, sensitize the formation of singlet oxygen species which can
be chemically trapped by solvent, [91] or other species in the re-
action mixture. [154] Due to the favorable photophysical proper-
ties of photocatalysts used in PET-RAFT polymerization, the deac-
tivation of reactive oxygen species is rapid and RDRP can often be
performed under fully open to air conditions. [89,91]

A direct result of more robust polymerization conditions in
RDRP is the ability to synthesize functional macromolecules with
complex architectures using non-specialized reaction setups un-
der ambient conditions. The oxygen tolerant methods outlined
above have been applied for the synthesis of polymer libraries un-
der ambient conditions using standard microtiter well-plate se-
tups, and even free-standing droplets in volumes as low as 20
pl. [155] Examples include the library synthesis of 3- and 4-
arm star polymers to examine the binding efficiencies with a
model protein, [156] synthesis of self-assembled nano-object li-
braries, [153] and the synthesis of potentially antimicrobial poly-
mers to combat multidrug resistant bacteria. [157] Notably, the
application of RDRP for the generation of other polymer li-
braries, including functional polymeric biohybrids [150] and stim-
uli responsive copolymers [158] has been performed using au-
tomated synthesizers. The utility of such approaches lies in the
ability to rapidly elucidate macromolecular structure-property re-
lationships using low quantities of potentially toxic or expen-
sive reagents, especially biological substrates such as DNA or
proteins.

Another alternative to the traditional batch based RDRP meth-
ods is the implementation of flow methodologies. [159] Since
the early use of packed column flow reactors for the continu-
ous production of ATRP derived polymers, [160] many flow me-
diated RDRP procedures have been developed to exploit the inher-
ent advantages of flow mediated processes. Specifically, flow pro-
cessing allows continuous production of well-defined and architec-
turally diverse macromolecules, [153,161] simplification of multi-
step polymerization and post-modification procedures through re-
actor telescoping, [162-164] with automated control systems also
increasing reproducibility and structural precision. [165,166] Fur-
thermore, for photoinduced RDRP systems performed in flow reac-

tors, strong light intensity gradients and corresponding rate hetero-
geneity that occurs due to the Beer-Lambert law in batch systems
can be mitigated by using short path length narrow bore tubing.
[91,167,168] Notably, many of the diverse polymerization and poly-
mer post-modification reactions that have been developed in batch
systems have been successfully applied to flow-based production
methods. [169-171]

While the previously mentioned methods cover the syntheses
of polymers via homogeneous RDRP, the fabrication methodologies
for heterogeneous systems, surface functionalization, and compos-
ite materials production often differs. Heterogeneous media com-
prising an immiscible monomer phase dispersed within a contin-
uous solvent offer interesting and unique capabilities not available
in homogeneous (bulk and solution) polymerization systems. [172-
174] By moving the locus of polymerization to a dispersed phase,
a low-viscosity medium can be maintained throughout the poly-
merization process. Often, the desired continuous phase is water;
the excellent heat dissipation of water, in conjunction with its ob-
vious environmentally friendliness, combine to provide an effective
means of upscaling reactions to industrial levels. As a consequence,
methods such as emulsion polymerization have remained the pre-
dominant method of producing a wide range of adhesives, paints,
binders, and commodity polymers.

For surface functionalization via RDRP, the main approach re-
lies on the fixation of initiating species or a transfer agent to the
surface and subsequent chain growth from these initiating sites.
[175-177] Generally, following initiator attachment, the polymer-
ization proceeds under very similar conditions to standard batch
protocols. Alternatively, polymers can be grown externally and at-
tached to surfaces after synthesis (named as “grafting onto”), often
via similar chemistries to those discussed earlier, i.e. click chem-
istry and other efficient covalent chemistries. Recently, some in-
novative approaches to surface functionalization have been devel-
oped through the combination of flow chemistry and photocon-
trolled surface-initiated polymerization. [78] These processes can
streamline surface functionalization with increased spatial control
over the polymer chain growth, opening new opportunities for in-
tricate and highly resolved surface functionalization.
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Finally, the synthesis of bulk polymer networks has also been
achieved via RDRP. [178] These methods are generally performed
by polymerizing mixtures of multifunctional monomers to cause
branched polymer formation and eventually gelation. [179] As an
alternative, the prefabrication of well-defined linear or branched
polymers and subsequent coupling or further grafting from the
existing networks using secondary chemistries can also be used.
[180,181] Notably, the possibility of three-dimensional (3D) print-
ing network polymers via RDRP was recently presented [182] and
while typical RDRP procedures are too slow to be effectively ap-
plied to 3D printing, the use of rapid PET-RAFT polymerization
allowed the formation of 3D printed networks under ambient
conditions. Such 3D printing systems present a more accessible
method for producing geometrically complex bulk polymeric ma-
terials. [183]

5. Materials and applications of RDRP

Arguably the most significant advantage of RDRP is the ability
to synthesize diverse materials for an ever-expanding scope of po-
tential applications. The following sections highlight a range of im-
portant material classes that can be fabricated through RDRP.

5.1. Advanced polymer topologies and compositions

The reactivatable nature of RDRP provides pathways for the
synthesis of topologically complex macromolecules and architec-
turally diverse nano-objects. Even for a simple copolymerization of
two monomers, linear polymers with virtually any desired com-
position can be produced, including statistical, periodic, block,
and gradient copolymers with diverse chemical functionalities.
[184] Notably, RDRP has been applied for the synthesis of se-
quence controlled linear copolymers, [185,186] that is, polymers
that have a precise placement of individual monomer units along
the polymer chain (Fig. 6¢). [187-189] While these methods are
only emerging, they show the intriguing possibility for synthetic

polymer materials to approach the precision seen only in natu-
ral biopolymers, such as proteins and DNA. In addition, the fine
control over polymer chain lengths in RDRP can be exploited to
synthesize polymer mixtures with tailored molecular weight dis-
tributions. [162,190-193] As polymer properties are derived from
the overall molecular weight distribution and polymer composi-
tion, these approaches may be useful for tightly controlling the
properties of polymeric materials, for example, by changing con-
centration of X-Cu(II)/L deactivator, block copolymers with tunable
dispersity were prepared which self-assembled into materials with
different morphologies, including hexagonally perforated lamellae.
[194,195]

Individual linear chains may also serve as precursors to more
advanced architectures under highly dilute conditions favorable
for intramolecular interactions or via reactions between precisely
placed chemical moieties. [196] Ring closure of RDRP derived poly-
mers into cyclic architectures has been achieved through the inter-
action of defined - and w-chain-end functionalities, which lead
to cyclic polymers without chain-ends (Fig. 6f). [197-199] Con-
sidering that many interactions of linear chains arise from the
participation of chain-ends, cyclic polymers exhibit intriguing dif-
ferences when compared to their linear counterparts of identical
molecular weight that include, but are not limited to, reduced
hydrodynamic diameters, [200] increased cloud points and cir-
culation times. [201,202] Intramolecular reactions or interactions
of pendant functionalities can also afford collapsed structures re-
ferred to as single-chain polymeric nanoparticles (SCNPs, Fig. 6h).
[203-206] These unimolecular 3D macromolecular architectures
are formed via intramolecular crosslinking, or alternatively, Nature-
inspired folding via non-covalent interactions to afford ultra-small
globular entities that are attractive for implementation as enzyme-
like nanoreactors or catalysts. [207-211]

One of the most well studied and useful classes of macro-
molecules synthesized through repeated chain extensions are
linear (multi)block copolymers. These polymers are constituted
by covalently bound segments of chemically distinct polymers
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(Fig. 6a). [48,212-217] (Multi)block copolymers have been synthe-
sized with various block orders (e.g. A-block-B-block-A, A-block-B-
block-C, A-stat-B-block-C, etc.), where each block can be hydropho-
bic, hydrophilic, fluorinated, [218] charged, [219] or stereospe-
cific, [220] among others. The synthesis of these polymers is typi-
cally performed through repeated chain extensions in the presence
of secondary monomers, however, synthesis and coupling strate-
gies have also been widely employed. [115] Importantly, block-
copolymers can be assembled on surfaces to form patterned thin
films, [221] or in solution to produce higher order supramolecular
assemblies with various morphologies. [222,223] Indeed, the self-
assembly of block copolymers derived by RDRP has been a major
research focus due to the utility of the assembled structures in ad-
vanced applications including drug-delivery and other biomedical
applications. [224,225]

Well-defined non-linear polymer architectures are also pos-
sible through RDRP. For instance, star polymers that are com-
posed of multiple linear arms originating from a central branching
point have been synthesized by many research groups (Fig. 6b).
[105,178,226] Such star polymers can be synthesized via both
arm-first approaches, where the arms are synthesized and subse-
quently coupled, [117,227] or core-first approaches where the arms
are grown from a central branching point in-situ. [228,229] The
central branching point can be a functional small molecule or
macromolecule, or a more densely crosslinked network structure,
while the arms can take on a variety of forms such as homopoly-
mers, statistical copolymers, (multi)block copolymers, or mixtures
thereof. [105,230] The formation of branched and hyperbranched
[231] copolymers, and dendrimer [232] like branched or star struc-
tures can also be achieved by RDRP via self-condensing vinyl poly-
merization or sequential polymerization and grafting procedures
(Fig. 6d). [230,232-234] Similar to block copolymers, star and
branched copolymers can self-assemble to form higher order struc-
tures. [235,236]

Graft and brush (co)polymers are some of the most inter-
esting macromolecules that can be formed by RDRP (Fig. 6e).
[131,237] These polymers generally contain a linear polymer back-
bone with secondary polymer chains (arms) extending from it, and
can be produced by attaching pre-formed arms to the backbone
(grafting-to), [238] growing arms from the backbone (grafting-
from), [239] or via a macromonomer (grafting-through) approach.
[240] While graft and brush copolymers have similar topologies,
brush copolymers generally have higher arm grafting densities
which causes the main polymer backbone to adopt a more elon-
gated conformation. The properties of these polymers are highly
unusual due to the strong steric repulsion of the densely grafted
arms. For instance, brush copolymers with supersoft and supere-
lastic properties have been developed by Sheiko and coworkers.
[241,242]

5.2. Network polymers

Crosslinked polymer networks developed through RDRP can
be considered as an extension of the topologically diverse poly-
mers mentioned previously. Indeed, the progression from linear,
to branched, to crosslinked polymer networks can occur upon in-
creasing multivinyl monomer conversion in a single reaction mix-
ture. [178] Interestingly, for polymer networks made by poly-
merizing multivinyl monomers, RDRP provides a more homoge-
neous network structure compared to networks made via uncon-
trolled polymerization techniques. This effect occurs due to the
formation of more uniformly branched polymer structures during
the early stages of the polymerization in RDRP processes, which
causes the final network to exhibit a more even crosslink den-
sity throughout. [178,179] Furthermore, the mechanical properties
of these networks are often dependent on the concentration of

1
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control agent, which provides a straightforward tool to tune bulk
material properties. [182] Polymerization-induced phase separation
was also employed for the synthesis of nanostructured crosslinked
networks by addition of crosslinker during bulk polymerizations.
[243] If the two block polymers are carefully selected to be in-
compatible, the copolymer will phase separate during the poly-
merization, resulting in the formation of structured materials with
length scales that are restricted by the macromolecular dimen-
sions of the block polymers formed. [244] This process has been
employed for the preparation of high-modulus, high-conductivity
nanostructured polymer electrolyte membranes and other materi-
als. [245] Aside from the multivinyl monomer approach, polymer
networks can also be synthesized by coupling free polymers using
secondary post-polymerization reactions, such as click chemistry.
[180] These networks have the advantage of more tightly con-
trolled topologies, including crosslink density and polymer strand
length between network junctions while also minimizing dangling
chains.

An added advantage of polymer networks synthesized through
RDRP is the intrinsic inclusion of functional groups within the net-
work, which allows facile modification of the network structure af-
ter polymerization. Several recent reports have demonstrated the
post-modification of structurally tailored and engineered macro-
molecular (STEM) networks to alter the properties of the net-
work after the initial synthesis. [182,246,247] Living functional
groups embedded within the polymer network strands allow re-
peated chain extensions to be performed, in turn changing the
chemical structure and physical properties of the resulting ma-
terials. [248] Critically, such transformations are not possible in
conventional polymer networks made via uncontrolled polymer-
ization methods due to the irreversible termination of the active
chain carrier. Furthermore, the embedded functional groups in net-
works made via RDRP can provide access to self-healing materials,
[249] or on demand network dissociation. [180,250] Notably, ultra-
high capacity, water absorbing polymer networks (hydrogels) can
be synthesized via RDRP [250,251] with these crosslinked systems
showing potential applications in drug delivery systems, biosensing
and tissue engineering.

5.3. Self-assembly of block copolymers in bulk

Fine control over the polymer architecture on the nanoscale can
be further exploited in the fabrication of advanced polymeric ma-
terials with controlled micro- and macroscopic properties. For in-
stance, based on RDRP and living ionic polymerization, the self-
assembly of block copolymers with non-compatible blocks has
been extensively studied. [252,253] If block segments are incom-
patible, they can self-assemble into domains with different physi-
cal and chemical properties due to unfavorable mixing enthalpies.
A range of morphologies have been observed, including body-
centered cubic phases, hexagonal packed cylinders, bicontinuous
gyroids, and lamellae. The morphology depends on several pa-
rameters, including the composition, number of repeating units,
and the Flory-Huggins interaction parameter (x) as well as con-
formational asymmetry. [253,254] More recently, polymerization-
induced phase separation was proposed as alternative method to
prepare nanostructured polymers in the solid state. [243,244] In
contrast to the conventional assembly method, which uses pre-
synthesized block copolymers, the assembly occurs during the
polymerization process and allows the production of structured
materials containing domains with different physical and chemical
properties. This process is similar to the polymerization induced
self-assembly (PISA) process, [255-258] which is performed in so-
lution (vide infra). In the polymerization-induced solid phase sep-
aration, a macromolecular control agent (macro-CTA) is chain ex-
tended via RDRP in bulk monomer, which results in the in-situ for-
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mation of diblock copolymers and the formation of nanostructured
polymeric materials. The use of RDRP allows simultaneous growth
of block copolymers which can reach the point of becoming in-
compatible in the polymerizing monomer medium, leading to mi-
crophase separation over a small-time interval and thus providing
homogeneous nanostructured materials.

5.4. Heterogeneous RDRP systems

Polymerizations conducted in dispersed phases allows facile ac-
cess to polymeric colloids, which find use in a wide range of re-
search activities. Although free radical polymerization processes in
heterogeneous media are well established, the addition of control
agents in RDRP systems complicated early implementations; the
bimolecular nature of reversible deactivation processes in RDRP
impact both kinetics and control during the polymerization pro-
cess. A notable feature of RDRP performed in dispersed systems
is the compartmentalization effect, which describes the inability
of two species segregated into separate particles to react with
each other (segregation effect), while two species confined to the
same particle react at a faster rate as the size of the particle de-
creases (confined space effect). [259] Additionally, considering the
reversible attachment of control agents to chain ends, the design
of a dispersed phase polymerization must take into consideration
the exit and (re)entry tendencies influenced by the physicochem-
ical properties of the reaction components. [260] The unique as-
pects of heterogeneous RDRP has been addressed in recent studies
with many challenges overcome through a detailed understanding
of the process. Indeed, early reports of poor control and outright
destabilization have been replaced by efforts describing the prepa-
ration of well-defined multiblock copolymers at multigram scales.
[213,214,261-263]

Polymerizations in dispersed phases may be conducted by a va-
riety of different approaches, which differ in terms of components,
nucleation mechanisms and kinetics. More importantly, from an
applications perspective, RDRP in dispersed phases enables the di-
rect preparation of functional polymer colloids. The most common
approaches reported in the literature include emulsion, miniemul-
sion, and dispersion polymerization; each of these methods pro-
vide access to polymeric particles of distinct morphologies and
can be further elaborated by conducting the procedure under in-
verse or seeded conditions, or in the case of miniemulsions, en-
capsulation of immiscible solvents to afford hollow nanocapsules
(Fig. 7). [264,265] It should also be noted that composite or hybrid
(nano)particles may be accessed in dispersed media by utilizing
polymer or control agent modified substrates, which may be en-
capsulated through miniemulsion polymerization or polymerized
in-situ (vide infra) under dispersion or emulsion conditions, respec-
tively.

Stemming from the expertise found in traditional free radical
polymerization, early reports of heterogeneous RDRP utilized con-
ventional stabilizers. The transition away from conventional sta-
bilizers may be attributed to the work of Gilbert and cowork-
ers, wherein the authors not only reported seminal ab initio RAFT
emulsion polymerization, they did so by utilizing an amphipathic
macroRAFT agent as the stabilizer. [266,267] Now widely referred
to as the surfactant-free approach, solvophilic or amphiphilic poly-
mers possessing the relevant end-group functionality for the de-
sired RDRP process are used in place of conventional stabilizers.
These polymers are essentially chain-extended in the dispersed en-
vironment with their covalent attachment providing colloidal sta-
bilization during and long after the synthesis has ended. The inher-
ent tailorability of these chains and their potential for introducing
diverse functionalities into the particle corona has led to a range of
advantages for surfactant-free approaches and these strategies are

12

Progress in Polymer Science 111 (2020) 101311

o~

Solvophilic
Emulsion Macro-CTA Dispersion
@
@
L )
@ (¢}
({

Macro-CTA and
Monomer Droplets

Stabilized Droplets
and Swollen Micelles

;

Fig. 7. Polymerization-induced self-assembly (PISA) for the synthesis of polymer
particles. Left path represents emulsion polymerization: macro-CTA is solubilized
in the continuous phase while monomer is the discontinuous phase; transport of
monomer to the continuous phase leads to the formation of swollen micelles and
stabilized droplets. Right path represents dispersion polymerization: monomer and
macro-CTA are both soluble; self-assembly and subsequent polymerization lead to
the formation of stabilized nano-objects of various morphologies.

Macro-CTA and
Soluble Monomer

\er
A \‘%%ﬁg) é:
A1)

W36,
it AR

Polymer Particles

now widely used and for the most part, have supplanted conven-
tional stabilizers.

In heterogenous ATRP systems, the catalyst (both activator and
deactivator) should be located in the particle phase and there-
fore ligands with long hydrophobic alkyl substituents (such as oc-
tadecyl) are typically used. However, interestingly, the “intelligent”
ion pair consisting of hydrophilic Cu/tris(pyridylmethyl)amine
cation and dodecyl sulfate anion was extremely efficient in both
miniemulsion and true emulsion polymerization. [268,269] Ap-
proximately 1% of the catalyst were located inside the droplets,
4% in the aqueous phase and 95% at the surface, providing very
efficient interfacial catalysis with 50 ppm Cu catalyst and with
only 0.3 ppm residual Cu in the precipitated polymers. Moreover,
polymers with complex architectures such as brushes and stars
were efficiently prepared. ATRP has been also employed for in-
verse miniemulsion processes to prepare well-defined water sol-
uble crosslinked degradable polymeric particles. [270]

From these heterogeneous RDRP studies has evolved poly-
merization induced self-assembly (PISA), a predominantly RAFT-
mediated process, wherein a solvophilic macro-CTA is chain
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extended in the presence of a monomer capable of forming a
solvophobic block, leading to the in-situ generation of amphiphilic
species. [255-258] As these chains increase in solvophobicity, they
assemble into self-stabilized aggregates which continue to grow
into particles. The distinguishing feature of PISA is the variety of
higher-order morphologies that may be formed. Contrary to pre-
vious RDRP in dispersed systems that were restricted to spheri-
cal morphologies in the absence of post-polymerization processing,
PISA processes enable the in-situ transition of the initial spheri-
cal micellar aggregates into cylindrical, lamellar, and vesicular en-
tities. Crucially, PISA delivers these nano-objects, which had been
restricted to post-polymerization processing in dilute solution, at
higher concentrations and in fewer steps, opening the door to cost-
effective scale up of these sought-after nanomaterials. As PISA con-
tinues to attract increasing attention, research at the cutting edge
is focused on both fundamental aspects, such as the preparation of
inverse bicontinuous morphologies and more application-focused
endeavors exploiting recently developed benign initiation methods
for in-situ encapsulation of therapeutic enzymes. [271-273]

5.5. Hybrid materials

The preparation of hybrid materials composed of organic, in-
organic or biological components has been a major focal point
of RDRP development, driven in part by the availability of well-
defined and stable functionalized initiators. [274-287]|The diverse
methods facilitating their preparation may be categorized into two
general strategies: i) grafting-to, wherein premade polymers are
attached via covalent reactions or non-covalent interactions to the
desired inorganic component, or ii) grafting-from, which involves
the attachment of an RDRP control agent from which polymer
chains may be grown directly. Of the two, polymerizing in-situ
(i.e. grafting-from) plays to the inherent strengths of RDRP pro-
cesses and affords a robust and versatile approach to the gen-
eration of hybrid materials. Perhaps the simplest form of hybrid
materials are copolymers composed of an RDRP derived polymer
segment in combination with a natural or synthetically derived
(macro)molecular substrate. Examples of naturally derived sub-
strates include proteins, peptides and DNA for bioapplications (vide
infra), or alternatively, inexpensive polysaccharides and cellulosic
materials as green alternatives to those derived from fossil fu-
els. [288-290] Conversely, synthetic components may range from
poly(ethylene glycol) derived from anionic polymerization, to two-
and three-dimensional materials such as graphene and metal or-
ganic frameworks for more advanced applications. [291-293]

The covalent attachment of polymers onto solid substrates pro-
vides a facile means to modulate and tailor interfacial properties
such as wettability, biocompatibility, corrosion resistance, tribol-
ogy, and many others. The application of the grafting-from strat-
egy to colloids and bulk surfaces is collectively termed surface-
initiated reversible-deactivation radical polymerization (SI-RDRP)
and is one of the most versatile and robust methods for hybrid
material fabrication, enabling precise control over the polymer ar-
chitecture, functionality location, composition and film thicknesses
(Fig. 8a). [176,294-296] Critically, compared to grafting-to strate-
gies that are limited by steric hindrance, the grafting-from strategy
affords the capability to prepare highly dense monolayers of con-
trol agents and consequently a high density of attached chains. The
steric crowding arising from the high density forces these chains to
adopt an extended conformation normal to the surface, forming an
architecture known as polymer brushes, and garners unique prop-
erties in comparison to other forms of thin films (Fig. 8b). High
grafting density of polymeric brushes provides high lubrication and
unusually low friction coefficients of modified surfaces. [297]

Control agent or initiator attachment to a variety of surfaces has
been demonstrated in a wide variety of systems with initial re-
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ports utilizing conventional substrates such as silicon, silica, and
gold. These fundamental studies allowed extension to more ex-
otic substrates, including poly(dimethylsiloxane), [298] indium tin
oxide, [299] montmorillonite, [300] steel, [301] gallium arsenide,
[302] and even liquid metals such as eutectic gallium/indium al-
loy. [303] In the latter case a dramatic decrease of crystalliza-
tion temperature from +15 °C to -80 °C was observed by de-
creasing the size of alloy nanodroplets below 100 nm via graft-
ing polymethacrylate chains. As an alternative to these substrate-
specific methods, universal dopamine based initiators that draw
inspiration from mussel adhesive proteins have also been devel-
oped, enabling SI-RDRP to be conducted from virtually any sur-
face. [275,277,287] By virtue of growing polymers from a vari-
ety of substrates, SI-RDRP processes enable the compatibilization
of bulk surfaces and improves the dispersion of inorganic col-
loids in a variety of bulk and solution mediums. This provides a
powerful means to prepare (nano)composite materials and assem-
blies for a vast array of explored and yet to be explored appli-
cations. [274,279,285]| At this juncture, it must be noted that the
polymers formed via RDRP may themselves be used as macro-
molecular templates for the preparation of inorganic polymer hy-
brids. Self-assembled micelles, or macromolecular structures such
as star polymers and cylindrical brush polymers have been con-
verted into inorganic-polymer nanoparticles via reaction of metal
ions coordinating to precisely placed functional groups within
the polymeric architecture. [282,304-307] Similar strategies have
been applied to polymer brushes synthesized from flat substrates,
leading to examples such as micropatterned silica, [308] calcite,
[309] gold [310] and silver thin films. [311] This strategy can
even be extended to polymer functionalized colloids by the prepa-
ration of nanoporous carbon films via pyrolysis of a precursor
film composed of poly(acrylonitrile)-silica hybrid nanoparticles.
[312,313] Polymer brushes have been extensively investigated in
their capacity as antifouling thin films that can be prepared on a
variety of substrates, including membranes, [314] to prevent the
non-specific adhesion of species ranging from proteins to marine
micro- and macro- organisms. [276,281,315,316] As is the case with
all RDRP-derived chains, polymer brushes may be imbued with an-
tibacterial and/or stimuli-responsive capabilities through the judi-
cious selection of monomers functionalities. [284,286,317,318] Crit-
ically, these features may be introduced onto a variety of diverse
substrates and geometries that range from micro- and macro-
scopic gels, [319,320] 3D printed materials [321] to microfluidic
channels [322] and prosthetics. [323] Indeed, the (nano)composite
materials formed via SI-RDRP are increasingly investigated for
more advanced applications in the biomedical and energy sectors.
[278,280,282,283] While the variety of substrates has remained
largely unchanged, a progressive sophistication of the functions
programmed into the brush layer is clearly apparent (Fig. 8c).
[324-328] SI-ATRP is a very robust process and under appropriate
conditions does not require deoxygenation, and in many systems,
SI-ATRP is biocompatible (cytocompatible). [329,330]

Considering the increasing levels of sophistication, two facets
of SI-RDRP that are of rising importance for many applications are
the ability to easily access brush polymer architectures and the
patterning of such brushes to confer spatially defined properties.
While a wide variety of homo-, block, statistical, branched and
mixed brush architectures have been translated onto substrates,
more complex gradients with spatially varied brush heights and
layered grafting densities are especially challenging and serve as
future research targets. [177,331-335] On the other hand, pattern-
ing in SI-RDRP has been traditionally restricted to selective ini-
tiator attachment (bottom-up) or removal of attached polymers
(top-down) to obtain the desired patterns. [336] Although effec-
tive, binary and more elaborate brush architectures may require
repetition of this process, leading to complex (error-prone) and
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Fig. 8. Surface-initiated RDRP (SI-RDRP). a) general process for hybrid material fabrication including initiator attachment to substrates and subsequent polymerization from
initiator or control agent bound to the substrate surface; b)increase in brush height due to increase in polymer chain density; c) representation of tunable surface properties:

diblock copolymers, varied brush compositions and gradient brush heights.

time-consuming (costly) workflows. The application of an exter-
nal field to spatially control the locality of polymerization holds
great promise to fulfil this emerging need. Although, electrochem-
ically mediated ATRP using sacrificial anodes has shown promise
for spatiotemporal control, particularly in regard to gradient brush
heights, additional studies are needed for widespread adoption by
the community. [333,337]

Owing to its roots in photolithography, photochemical me-
diation of SI-RDRP has become a powerful strategy which en-
ables more finely controlled patterning capabilities that are also
more easily accessible. [338] This has been demonstrated in the
work of Hawker and coworkers, wherein binary and grayscale
masks were used to produce defined and gradient patterns respec-
tively, leaving unexposed areas available for secondary reactions.
[79,339] Notably, photographs could be replicated using grayscale
masks, demonstrating the potential to create non-linear gradients.
[78] Implementation of this process within stop-flow cells allows
for the streamlined preparation of highly complex patterns includ-
ing the challenging layered architectures; facile material exchanges
in combination with externally swappable masks and light sources
enable spatially defined brush growth, chain-end deactivation and
side chain post modifications without the need for costly process-
ing and realignment steps. [77,78]

5.6. Bioapplications

In the last 20 years, RDRP has been widely explored for the
systematic design and synthesis of biomaterials, [340-342] largely
due to the enhanced control over polymer structure and mild, or-
thogonal reaction conditions. In particular, polymers synthesized
through RDRP have been applied in three main areas to provide
biomaterials with specific and enhanced properties, namely, i) the
conjugation of synthetic polymers to biomacromolecules such as
peptides, proteins and siRNA, ii) the development of functional
polymeric nanoparticles for the transport of therapeutic and imag-
ing agents, and iii) the development of bioactive polymers that can
trigger biological responses. These three areas all take advantage of
RDRP to precisely control the polymer architectures and molecular
weights.

5.6.1. Hybrid synthetic polymer-biomacromolecule conjugates

Natural biomacromolecules, such as proteins, siRNA, DNA, etc.,
play a critical role in the regulation of living organisms. Indeed, a
deficiency of specific proteins can cause chronic diseases, with the
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direct administration of proteins or peptides being the standard of
care. However, these biomacromolecules typically have a very low
therapeutic efficiency due to their rapid degradation when admin-
istered. If synthetic polymers are carefully selected, their conjuga-
tion to biomacromolecules can slow this degradation by provid-
ing steric stabilization and enhance the stability of biomolecules.
[343-345] The groups of Maynard, [122,346,347] Matyjaszewski
[123,348,349] and Haddleton [350-352] pioneered the use of RDRP
for the synthesis of functional polymers for protein and DNA con-
jugation. Early strategies employed a grafting-to approach, which
allowed facile control over the synthetic polymer end-groups and
molecular weights. Subsequent efficient and selective conjugation
reactions between proteins and synthetic polymers resulted in
the preparation of a wide variety of hybrid biomacromolecule-
synthetic polymers. Notably, different conjugation strategies have
been used in the grafting-to approach. For instance, non-selective
conjugation reactions have been used, where polymers terminated
by aldehyde or activated ester groups react with primary amine
functionalities present on the proteins to yield conjugates. Al-
though these reactions are efficient, the non-specific attachment
of polymers to these proteins may result in the loss of bioactivity.
To overcome this limitation, conjugations using specific functional
groups, such as thiols, have been exploited to modulate the impact
of polymer attachment to the protein. [122] One limitation of this
grafting-to approach is the separation of unconjugated polymers
from the bioconjugates, as a large excess of polymers is typically
required to achieve high yields.

Several groups have implemented grafting-from approaches,
[123,350,353-356] where polymers can be grown from a pro-
tein (Fig. 9a). In contrast to grafting-to, these approaches present
numerous advantages, including high retention of bioactivity
and simplified purification/automation. [357,358] As only resid-
ual monomers and control agents need to be removed from the
mixture, pure hybrid biomacromolecule-synthetic polymers can be
typically obtained through dialysis. The attachment site on a pro-
tein is tunable and ATRP initiators can be incorporated via ge-
netic modification of green fluorescent protein. [348] Also, attach-
ment sites were tuned by stoichiometric addition of ATRP initia-
tors and selective blocking of more active sites by “dummy” initi-
ation sites. [357] RAFT polymerization offers simple methods for
preparing protein-polymer conjugates prepared via the grafting-
from approach. For instance, RAFT agents containing pyridyl disul-
fide functionalities have been prepared and covalently bound to
thiols present on proteins such as bovine serum albumin (BSA).
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ibility and cargo release) of delivery vehicles synthesized through RDRP; d) molecular recognition between proteins and precisely defined oligomers synthesized through

RDRP.

[354,355] Subsequent RAFT polymerization using water soluble
and room temperature initiators, such as the azo-initiator VA044,
allows retention of the protein bioactivity. Alternatively, photoin-
duced approaches can be used to also ensure high activity. Us-
ing RDRP, different functional groups can also be introduced and
the structure of the bioconjugates can be easily tuned. For exam-
ple, Sumerlin and coworkers have prepared BSA-diblock polymers
which can self-assemble into polymeric nanoparticles to facilitate
transport of therapeutic agents. [359]

5.6.2. Polymeric nanoparticles for the transport of therapeutic and
imaging agents

As discussed above, RDRP has been successfully employed to
prepare a broad range of amphiphilic copolymers with various
functionality that undergo self-assembly to form supramolecu-
lar structures with morphologies ranging from spheres to vesi-
cles and higher ordered structures (Fig. 9b). [222] Critically, these
polymeric nanoparticles can provide a vehicle for the delivery of
therapeutic agents and can be decorated with targeting moieties.
[360,361] Indeed, a large variety of hydrophobic therapeutic agents
have been loaded into the core of these supramolecular assem-
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blies using hydrophobic interactions or conjugated to their core
via secondary functional groups. Due to the tolerance to various
functional groups in RDRP, diverse monomers can be used to form
nanoparticles containing functional groups, including aldehydes,
primary amines, ketones, etc. [362] The loaded therapeutic com-
pounds can be subsequently released from the nanoparticles upon
a change in their surrounding environment, such as changes to pH,
temperature, or ionic strength. In addition, the polymeric shells or
cores of these nanoparticles can be crosslinked to manipulate the
release profiles of the therapeutic agents and maintain their stabil-
ity at low concentration. [120,363,364| Due to the versatility and
robustness of RDRP, a plethora of systems have been designed and
tested in vitro and in vivo, showing promising results for the treat-
ment of cancers, heart diseases, and infectious diseases. [365] In
addition to the encapsulation of therapeutic compounds, the in-
troduction of imaging modalities has also been proposed to afford
theranostic nanoparticles, which transport therapeutic compounds
as well as provide imaging capabilities to monitor the biodistribu-
tion of these nanoparticles. [366] For example, nanoparticles pre-
pared using comb-copolymers containing %4Cu radiolabeling and
targeting peptide were successfully employed for the detection of
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atherosclerosis in rabbits by targeting the natriuretic peptide clear-
ance receptor (NPRC). [367,368] As demonstrated by the vast num-
ber of publications in this area, the use of RDRP has allowed scien-
tists to precisely design nanoparticle size and shape, and accurately
control the release of payloads.

RDRP has also been exploited for the synthesis of complex
unimolecular macromolecules, such as star polymers (or core-
crosslinked nanoparticles) [363,369-371] and hyperbranched poly-
mers [372] that can be used to deliver cargo in a similar manner
to the supramolecular assemblies mentioned above. In contrast,
however, star and hyperbranched polymers are typically smaller in
size compared to polymeric nanoparticles prepared by the assem-
bly of diblock copolymers. These structures have shown promising
results for the delivery of siRNA or DNA in vitro or in vivo. [373-
377] For instance, efficient encapsulation of siRNA was achieved
using PEG/poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA)
star copolymers for the treatment of pancreatic cancer. [377] The
reversible electrostatic interactions between cationic groups of
PDMAEMA and phosphoric acid of siRNA preserved the stability of
siRNA in biological environment, and after cell uptake, the siRNA
was released. In this system, the addition of PEG into the star poly-
mers was critical as the nanoparticle cytotoxicity was reduced and
the in vivo circulation time and accumulation in the tumor was
increased (Fig. 9¢). [377] Furthermore, if the PEG content was too
low the nanoparticles were rapidly captured by the immune sys-
tem, whereas a high content of PEG prevented the release of siRNA,
resulting in poor therapeutic efficacy. Clearly, the ability to tune
the polymer architecture via RDRP offers a convenient approach to
optimize long in vivo circulation and therapeutic efficacy. [367,368]

5.6.3. Design of bioactive polymers

The precision seen in natural polymers such as DNA, proteins,
and peptides allow specific biological responses which sustain
life. While researchers have proposed the use of synthetic poly-
mers to mimic the functions of natural polymers, this goal has
only recently become realistic due to advances in polymer sci-
ence. [185,378] RDRP has provided new opportunities for the de-
sign of synthetic polymers with characteristics of natural polymers
due to the ability to perform multiple chain extensions and con-
trol the precise placement of functional groups within a polymer.
[213,379,380] As an illustration, exploiting the precision and high
functional group tolerance of RDRP, combinations of hydropho-
bic, cationic and hydrophilic monomers have been polymerized
for the synthesis of antimicrobial polymers, i.e., polymers capa-
ble of killing or restricting the growth of bacteria. [381,382] The
structures of these synthetic polymers draw inspiration from an-
timicrobial peptides, which are short chain length natural poly-
mers that can selectively kill bacteria. Recent studies have il-
lustrated the importance of controlling the polymer architecture
to confer antimicrobial activity as well as bioactivity. Boyer and
coworkers, [383] have demonstrated that the sequence of short
blocks (hydrophilic, hydrophobic and cationic) within linear high-
order quasi-block copolymers affect their bioactivity and selectiv-
ity to kill specific strains of bacteria. For instance, short blocks of
cationic segments coupled with an amphiphilic hydrophilic-stat-
hydrophobic segment showed specific activity against Pseudomonas
aeruginosa (Gram negative bacteria). It was also found that the
localized ratio of hydrophobic to hydrophilic functional groups
within amphiphilic sections appears to be a critical factor to in-
fluence biocompatibility as well as antimicrobial activity.

RDRP has also been successfully employed for the design and
synthesis of polymers capable of biological recognition and binding
with peptides, cell surfaces, etc. (Fig. 8d). Hoshino and coworkers
designed and synthesized oligomeric ligands through RAFT poly-
merization for the recognition of epitope sequences on a target
peptide and neutralization of its toxicity. [384] Inspired by Hawker
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and coworkers [385] recent purification techniques for the prepa-
ration of discrete oligomers using automated flash chromatogra-
phy systems, RDRP was used to prepare block copolymers which
were subsequently purified to provide a polymer library with pre-
cise control of each block within the polymers. Using a hemolytic
study, the authors demonstrated that the structure of block copoly-
mers (number of monomers for each block) is a critical param-
eter for determination of binding affinity with Melittin. The high
binding affinity of these synthetic block copolymers neutralized
the hemolytic activity of the peptide. The distribution of glycol-
monomers within synthetic polymer chains can also significantly
affect the binding with different virus glycan proteins, therefore
demonstrating that specific copolymers can have selective biologi-
cal recognition. [386-388]

6. Current challenges and future prospects

Recent improvements in RDRP, including the ability to per-
form polymerization without the need for deoxygenation and the
versatility inherent with external stimuli, such as light, electric-
ity, ultrasound, etc., has removed entry barriers to non-polymer
chemists. This has created new opportunities for the design of
complex macromolecules and materials, greatly increasing the im-
pact of RDRP in areas beyond traditional polymer science. Never-
theless, to reach its full potential in fields such as nanomedicine,
energy, and advanced materials, more research on RDRP is re-
quired. [389] The following section outlines important areas that
need to be addressed to further enhance the capabilities of RDRP
and allow adoption by industry and the broader materials commu-
nity.

6.1. Fundamental progress in RDRP

While RDRP has been extensively explored to generate solutions
to a wide range of global issues in the laboratory, the slower up-
take of such solutions in industry suggests more development is
necessary. Current RDRP chemistries often include mediators and
catalysts that can be a drawback from both biological and indus-
trial perspectives. In the case of RAFT, the presence of sulfur is a
source of color, odor, and potential degradation, [390] whereas the
use of metallic catalysts is a constraint for ATRP. As such, there
is a need to develop improved methods for sulfur-free RAFT poly-
merization [41,213] and non-metallic (organo)catalysts for ATRP.
[82] Recently, major progress has been made to tackle these chal-
lenges, but additional work is needed to increase the robustness
and versatility of these processes. The reaction rate of RDRP can
also be a limiting factor for some applications; increasing the re-
action rate often reduces the degree of control over the resulting
polymer properties. Recent innovations and improvements focus-
ing on the initiation of RDRP processes have highlighted that reac-
tions can be performed faster while maintaining good control over
the process. [391] Additionally, the application of external stimuli
to regulate these processes has revealed new ways to improve en-
ergy efficiency and atom economy. The innate compatibility of rad-
icals with aqueous environments also garners inherent advantages
with respect to reaction conditions; further improvement of RDRP
with respect to speed, energy efficiency, and atom economy, while
maintaining good control, will continue to make RDRP techniques
more attractive for the production of advanced polymeric materials
irrespective of the reaction environment.

6.2. Interconversion and orthogonal chemistry

While the broad versatility of RDRP processes may allow it to
be viewed as a panacea to some, the reality is that it exists as
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just a (small) part of the larger knowledge base of polymer chem-
istry. In this respect, promising avenues of research exists at the
interface between RDRP and other areas of polymer chemistry. The
production of hybrid copolymers comprising segments prepared by
different polymerization techniques has the potential to combine
distinct but cooperative properties and characteristics, giving rise
to new materials and applications. While these materials are cur-
rently formed through ligation and post-polymerization reactions,
an alternative interconversion strategy may facilitate more stream-
lined access to these systems.

In line with this goal, researchers have demonstrated the po-
tential of utilizing species possessing the RAFT termini to mediate
both cationic and anionic polymerizations in tandem with RAFT-
mediated RDRP. [136,138,140,392] These recent advances have also
highlighted an emerging interest in the implementation of or-
thogonal polymerization processes. The temporal control demon-
strated in many externally regulated RDRP processes holds poten-
tial for significant material sophistication through the intermittent
introduction of orthogonal polymerizations and organic transfor-
mations. Various block copolymers were prepared by using dual
ATRP and anionic/cationic/ring-opening and condensation polymer-
izations. [29,393] In addition to compressing complicated work-
flows into one-pot procedures, the use of orthogonal processes
may enable the realization of novel design paradigms. For in-
stance, the formation of hybrid chains composed of conjugated or-
ganic and organometallic segments through tandem polymeriza-
tion procedures may create unprecedented and exciting opportu-
nities. While the discovery and development of further orthogo-
nal chemistries is a great challenge, this untapped potential will
continue to attract significant attention from the broader research
community.

6.3. Sequence and tacticity control

Polymer architectures can be *“relatively” well-controlled via
RDRP. Perhaps one of the most remarkable examples is the synthe-
sis of multiblock copolymers of up to 21 blocks without the need
of intermediate purification. [380] However, RDRP does not allow
control over the precise placement of monomers within polymer
chains. The use of single unit monomer insertion or atom transfer
radical addition procedures in RAFT and ATRP, respectively, pro-
vides a potential scalable solution for the precise introduction of
functionality within synthetic polymer chains. [188,394,395] How-
ever, these techniques have only been used thus far to produce
oligomers (typically X, < 5). Therefore, there is a need to further
expand the scope of RDRP for the precise control of monomer se-
quence within polymer chains. [396]

Another parameter that RDRP does not readily provide con-
trol over is the polymer tacticity. Although tacticity is a critical
parameter that affects the properties of polymers and materials,
only limited examples of influencing tacticity in RDRP have been
reported, e.g., through the use of Lewis acids. [220,397] More-
over, these methods allow enhanced stereospecificity (i.e., a more
isotactic or syndiotactic polymer) but do not provide stereocon-
trol (choice of tacticity and control over the stereosequence dis-
tribution). The realization of both tacticity and sequence con-
trol could afford synthetic polymers possessing unprecedented
capabilities, for instance, self-folding into precisely programmed
structures to afford catalytic activity, thus mimicking the proper-
ties of natural polymers. Such synthetic polymers could be used
to catalyze selective chemical reactions like enzymes, selectively
recognize and interact with biomolecules, or store information
like DNA does for living organisms. Developments in this area
would lead to a convergence of synthetic polymer chemistry and
biology.
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6.4. Materials design

The use of RDRP will further improve the fabrication of
advanced materials with superior performance. Indeed, recent
progress in RDRP has improved the retention of the propagat-
ing end-group, enabling the preparation of multiblock copolymers
without intermediate purification, as well as the synthesis of ul-
trahigh molecular weight polymers. [93,398,399] While past re-
search has focused on decreasing the dispersity, capabilities exist
in RDRP to exert control over synthetic parameters to shape molec-
ular weight distributions. [191,194] For instance, manipulating the
molecular weight distribution to generate both short chains, which
can act as plasticizers, and longer chains, that can provide strength,
allows for increases in processability while maintaining mechanical
properties. Moreover, the ability to tune molecular weight distribu-
tions can have a significant impact on the self-assembly of polymer
chains in solution or in the solid state, resulting in the emergence
of new morphologies and material properties. [194] While a signif-
icant amount of research has been conducted on self-assembly of
block copolymers with low dispersity, block copolymers containing
various molecular weight distributions have rarely been explored.
[162]

The current ability to graft functional polymers onto the sur-
faces of organic and bio-derived materials via RDRP provides
countless opportunities for the fabrication of advanced plastic
composites. Indeed, polymeric nanocomposites can provide excep-
tional properties if their structures are controlled. Further devel-
opment will allow enhancement of interfacial properties between
inorganic materials and polymers and dispersion of these materi-
als within a polymer matrix may result in further performance en-
hancement. Composite materials made using RDRP also provides
additional opportunities for responsive and self-healing materials.
While synthetic materials slowly degrade due to environmental
conditions or mechanical stresses, natural materials are capable of
reorganization and repair. The ability to integrate RDRP into com-
posite materials will allow researchers to expand the scope of self-
healing polymers for applications in repairable and reshapeable
materials. Significant progress has been made over the last decade
in this regard as exemplified by polar thermoplastic elastomers and
vitrimers, but the full potential is yet to be realized.

The persistence of many synthetic polymers in our environ-
ment is a significant and growing global issue. [400] As the large
majority of vinyl monomers polymerized through RDRP processes
afford backbones that do not readily degrade, the development
of new chemistries and processes are required. The polymeriza-
tion of cyclic monomers, such as cyclic ketene acetals, can afford
(bio)degradable backbone esters and are a potential solution to this
challenge. [401-404] However, polymerization of such monomers
is complicated by propagation of ring-closed units and low incor-
poration when copolymerized with more activated monomers; the
latter can be addressed by pairing the electron-rich cyclic ketene
acetal with electron-deficient maleic anhydride or N-substituted
maleimides, or copolymerizing with less activated vinyl acetate
or vinyl ether monomers. [401,402] More recently, thionolactones
have been introduced as monomers capable of radical ring-opening
polymerization to afford degradable thioesters into the backbone.
[405] Such advances are not only exciting for increasing the range
of (bio)degradable polymers, they offer avenues to new backbone
functionalities that may provide new properties and capabilities to
RDRP-derived materials.

In addition, further fundamental knowledge in RDRP and ap-
plication to materials science should allow the rational design of
precisely structured materials. As RDRP allows precise control over
primary polymer structures, there exists an opportunity to control
secondary polymer structuration, i.e., the interaction and assem-
bly of polymers into ordered domains. By achieving fine structural
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Table 1
Examples of commercially available RDRP-derived polymer products as of June 2020.
Company Product range Type RDRP Ref.
3M Dyneon Fluoroelastomer ITP [407]
AGC Aflas Fluoroelastomer ITP [408]
Daikin Industries Dai-El Fluoroelastomer ITP [409]
Chemours Viton Fluoroelastomer ITP [410]
Solvay Tecnoflon Fluoroelastomer ITP [411]
Rhodibloc RS Nonionic amphiphilic block copolymer stabilizer MADIX/RAFT [411]
Rhodibloc FL Cement additive RAFT [412]
Rhodibloc GC Gas migration control agent RAFT [413]
BYK-Chemie DISPERBYK-2xxx Wetting agents, pigment dispersants non-disclosed [414]
Lubrizol Asteric Viscosity modifier RAFT
Arkema BlocBuilder DB RAFT agent RAFT
Boron Molecular BM RAFT agents RAFT agents RAFT
Axalta Performance Pigment dispersants SF-RAFT
Coatings
Kaneka XMAP Sealant, adhesive ATRP [415]
Pilot Polymer Technologies™  fractASSIST Oilfield chemicals and personal care & cosmetics  ATRP [416]
Crystalein
Surfaclear
Advantomer
ThermoFisher Scientific ProPac IMAC-10 GPC and HPLC columns ATRP [417]
PPG Andaro® Pigments ATRP [418]
BASF EFKA PX Solvent-based dispersant NMP [419]
Dispex Ultra PX Waterborne dispersant NMP [419]
Arkema Nanostrength Adhesives, Thermoplastic elastomer NMP [420]
(MAM)
Bostik SAF Adhesive NMP [421]
Altuglass ShieldUp Chemical and impact resistance acrylic sheet NMP [422]
Otsuka Terplus D Pigment dispersant TERP [423]

control, polymer materials derived through RDRP will mimic the
intricate and complex structures of natural materials, such as wood
and silk, and thus exhibit unique properties. While RDRP is on the
cusp of more extensive investigation for the fabrication of 3D ma-
terials, [182] future work focusing on the construction of precise
polymer networks containing well-defined macromolecular archi-
tectures will result in the preparation of materials with enhanced
and tunable mechanical properties. For example, the preparation
of 3D materials can be envisioned where control over the poly-
mer network structure via RDRP can allow multidomain materials
containing soft and hard domains. These materials may show the
ability to absorb shock or respond to external stimuli in the same
way as natural polymeric materials.

6.5. Automation

The automated synthesis of DNA and proteins has been trans-
formative for the life sciences. Critically, mundane and repetitive
tasks are performed by machines, which frees up time for re-
searchers, while providing more reliable results. Such advantages,
if translated to the field of polymer chemistry, could increase
the rates of discovery for novel materials and eliminate batch to
batch discrepancies. Recent works have demonstrated the poten-
tial to use DNA synthesizers and polymerase chain reaction (PCR)
for the production of complex macromolecules. [150,406] Further-
more, with the integration of machine learning, time consuming
tasks such as incremental optimizations may be handled without
the constant attention of polymer chemists, freeing their minds
to focus on application specific design and development. However,
compared to the limited number of building blocks used in DNA
and proteins, there exists a dizzying array of monomers polymer-
izable through RDRP, each with their own optimum polymerization
conditions. Additionally, the potential for diverse architectures and
post-synthetic procedures further complicates work-up and char-
acterization processes.

Perhaps, the greatest challenge for automation in RDRP is the
selection of a universal synthetic platform on which to base such
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an automatic synthesizer. With the continued progression of RDRP
techniques, the state-of-the-art with respect to their distinct ad-
vantages and disadvantages are constantly changing, making in-
vestment in a specific process a risky affair. Regardless, more user-
friendly and economical automatic synthesizers capable of produc-
ing high purity block copolymers, would be an enabling tool that
could greatly improve many existing workflows; perhaps the first
product to market will determine which of the various RDRP pro-
cesses becomes the de facto choice.

6.6. Translation into commercial products

A frequent criticism directed towards RDRP is the slow trans-
lation into commercial products. However, one of the first RDRP
techniques, ITP, was paradoxically introduced by Daikin Indus-
tries under the guidance of Tatemoto 40 years ago. [6,54] The in-
tense exploration of RDRP methods in academia and the wealth of
patents awarded to or in conjunction with large commercial enti-
ties indicate the value and potential of controlled radical polymer-
izations and their products. While the versatility and robustness of
RDRP methods are undeniable, the introduction of new products
made using such techniques is complicated by the existence of es-
tablished products and their respective synthetic methods, which
have been refined and optimized for their specific use cases. Such
economic considerations necessitate RDRP-derived products to pro-
vide substantially improved performance or new capabilities to off-
set the increased cost of manufacture.

Table 1 provides a snapshot of RDRP-derived product available
in 2020. It must be noted that this table is far from compre-
hensive due to the scantiness of information regarding commer-
cial products. Additionally, the table includes only those product
ranges whose existence is supported online. As such, products in
the pipeline that have yet to be realized, or those that have previ-
ously existed but whose current status is unclear have not been in-
cluded. The level of elaboration with regards to process chemistry
varies from company to company; whereas the Otsuka Chemical
Co. clearly states their use of TERP, with clear explanation of their
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technology, companies such as Kaneka, BASF and Arkema utilize
the broader term of “living” or “controlled” radical technologies,
which are clarified by secondary sources. [424-427] On the other
hand, BYK-Chemie is an example where the production method of
their Disperbyk range of products is made using an undisclosed
RDRP method. Considering the overall lack of declaration, as it is
there right to do so, in combination with unknown production and
sales figures, it is impossible to provide a clear picture of current
industrial products utilizing RDRP technologies. Despite this, in-
sight into the current status of RDRP in industry can still be gained
from the information shown in Table 1.

ITP and its capability to control the polymerization of fluo-
romonomers [428] has been effectively translated into fluoroelas-
tomer products by several companies. [426,429] In a similar fash-
ion, NMP has been adopted by BASF (through Ciba) and Arkema for
dispersants, adhesives and other specialty products. ITP and NMP
were indeed developed earlier in comparison to other RDRP pro-
cesses. Relatively cheap control agents and simple chemistry that
could be implemented in existing infrastructure have increased the
attractiveness of these techniques for rapid adoption. It must be
noted that in all cases the adoption of RDRP methods has been
used to produce specialty products; the more demanding use cases
obviously necessitate more rigorous testing and therefore a longer
development period.

From an academic perspective, there is significant potential for
exciting new commercialization opportunities based on current
RDRP targets. The large-scale surface modifications of various sub-
strates via an economical surface-initiated ARGET process were re-
cently demonstrated. [430,431] Indeed, the oxygen tolerance of AR-
GET polymerizations has been an enabling capability that has war-
ranted its widespread adoption. [432] Such technology paves the
way for commercial development of new product segments with
controlled physicochemical properties at solid interfaces. More re-
cently developed photocatalyzed RDRP processes also offer spa-
tiotemporal control in addition to oxygen tolerance and room tem-
perature reaction conditions. This further enhances possible indus-
trial application of RDRP compared with conventional free radi-
cal processes. In addition to improved atom and energy efficiency,
these externally regulated processes provide means for more ef-
fective scalability through microfluidic chips and the production
of higher value products through nano- and microscale 2D and
3D implementations. Considering the specificity of these advance-
ments, it is likely that many of these newer technologies will be
realized as components within more complex devices as opposed
to standalone products as is the case today.
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