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ABSTRACT: Since its inception, atom transfer radical polymerization (ATRP) has seen continuous evolution in terms of the
design of the catalyst and reaction conditions; today, it is one of the most useful techniques to prepare well-defined polymers as well
as one of the most notable examples of catalysis in polymer chemistry. This Perspective highlights fundamental advances in the
design of ATRP reactions and catalysts, focusing on the crucial role that mechanistic studies play in understanding, rationalizing, and
predicting polymerization outcomes. A critical summary of traditional ATRP systems is provided first; we then focus on the most
recent developments to improve catalyst selectivity, control polymerizations via external stimuli, and employ new photochemical or
dual catalytic systems with an outlook to future research directions and open challenges.

1. INTRODUCTION
The highly reactive and elusive nature of radicals has long
challenged chemists who strive to control reactivity and
selectivity to maximize the yield of desired reaction products or
to make functional materials.1 In order to prepare well-defined,
functional polymer materials by radical polymerization, it is
necessary to develop an approach to control the growth of
propagating radicals. One of the most powerful, versatile, and
scalable methods for controlling (macro)molecular radical
reactivity is the reversible transfer of a halogen atom to
propagating radicals, forming dormant species.2 This process is
the foundation of atom transfer radical polymerization
(ATRP).3

For over 25 years, ATRP has been used to make polymers
with predetermined molecular weight (MW), low dispersity
(Đ; i.e., narrow MW distribution), functionality, and
architecture. ATRP has experienced an incessant evolution in
terms of catalyst and reaction design, becoming one of the
most prominent examples of catalysis in polymer chemistry.
This Perspective begins by providing a brief historical
background of the ATRP development, followed by high-
lighting recent advances in the design of ATRP catalysts and
methods. The focus is on the critical role that mechanistic
studies play in affirming ATRP as an efficient and sustainable
technique for the synthesis of functional polymers.
From a mechanistic point of view, ATRP is rooted in atom

transfer radical addition (ATRA)4 and inspired by metal
catalyzed telomerizations and redox initiated polymerization-
s.3a,5 In contrast to telomerizations, where polymer MW does
not increase with monomer conversion, in a typical ATRP, the
polymer MW increases linearly with conversion, retaining low
Đ and indicating that all chains grow concurrently.6 ATRP
kinetics follow the principle of the “persistent radical effect”
(PRE).7 According to the PRE, if a system can generate both a
persistent, stable radical (Y) and a transient radical (R•) at an
equal rate, the latter is involved in self-termination events that
trigger the buildup of the persistent radical concentration

(Scheme 1). This guides the system toward cross-termination
between persistent and transient radicals, minimizing the self-

termination of transient, unstable species. In ATRP, the
persistent radical is an oxidized metal catalyst termed the
“deactivator”, while the corresponding reduced metal catalyst is
the “activator” (vide infra).
The concept of activation/deactivation that is at the core of

ATRP derives from ATRA. Transition metal-catalyzed ATRA
was developed in the 1960s to add an alkyl halide across a
C�C double bond.4,8 Cu complexes are the most common
ATRA catalysts.9 The mechanism of Cu-catalyzed ATRA
involves the halogen atom abstraction from an alkyl halide
(RX) substrate by a CuI/L complex (L = ligand, Scheme 2a).
During this “activation” step, the CuI species undergoes an
inner sphere electron transfer (ISET), resulting in the
generation of a halogenated X−CuII/L complex and an organic
transient radical.4,10 The latter adds to an alkene, and the
resulting radical monoadduct is deactivated by halogen atom
abstraction from the X−CuII/L deactivator complex. To
maximize the monoadduct yield, (i) radical deactivation
must be fast, keeping radical concentration relatively low to
minimize termination events; (ii) the rate of deactivation must

Scheme 1. General Scheme of the Persistent Radical Effecta

aR−R and R=/RH indicate termination via radical combination and
radical disproportionation, respectively.
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be greater than the rate of alkene propagation to prevent the
formation of oligomers/polymers. Further activation of the
product is generally avoided by employing substrates that form
inactivated monoadducts.
ATRP is based on a similar mechanism of radical activation/

deactivation as that of ATRA; however, the (macro)radicals
generated upon the addition of monomer molecules are
susceptible to further activation. In Cu-catalyzed ATRP, the
activator CuIL+ (L is typically a polydentate amine ligand)
reacts with the RX initiator or dormant species through a
concerted ISET and halogen atom transfer to form propagating
radicals and the deactivator X−CuIIL+ (Scheme 2b).10,11

Radical propagation occurs until radical chain ends are
deactivated by X−CuIIL+, forming X-capped dormant species
and regenerating CuIL+. The rate constant of activation of
dormant species is typically much smaller than the rate
constant of radical deactivation, i.e., kact ≪ kdeact. Thus, the
ATRP equilibrium is shifted toward dormant species. As a
consequence, the relatively low concentration of propagating
radicals (10−7−10−9 M) limits the occurrence of termination
reactions, which typically involve <10% of the total amount of
growing chains.
According to the PRE, unavoidable terminations cause the

accumulation of the “persistent radical” X−CuIIL+, which leads
to a progressive slow down and ultimately halts the
polymerization. Therefore, to reach high monomer conversion,
ATRP was originally conducted using a stoichiometric amount
of catalyst and RX initiator. The relatively low activity of
seminal Cu complexes toward C−X bonds required high
catalyst loadings (1 mol % or 10 000 ppm relative to monomer
concentration) and relatively harsh polymerization conditions,
which could preclude the widespread utilization of ATRP.
Similarly, ATRA initially saw limited adoption in organic
synthesis, largely due to the need for >10 mol % catalyst
relative to the substrate to obtain the desired product with
acceptable yield.

The development of methods for continuous (re)generation
of the CuIL+ activator in ATRP and their subsequent
implementation in ATRA represented a major breakthrough,
enabling a drastic reduction in catalyst concentrations.4,12 In
ATRP with activator (re)generation (Scheme 2c), air-stable
CuII salts are employed and reduced in situ to CuI species,
simplifying the reaction handling.12b,13 The accumulation of
the “persistent radical” X−CuIIL+ is counteracted by its
continuous reduction to CuI species, thus avoiding rate
retardation. Therefore, the loading of Cu catalysts can be
reduced to <100 and even <10 ppm. This was facilitated by the
identification and design of new ligands for more active Cu
catalysts, guided by mechanistic analysis and computational
approaches.14

Historically, the first ATRP with activator (re)generation
was obtained by introducing metallic Cu into the system and
exploiting the comproportionation reaction between Cu0 and
CuII/L species to form CuIL+.15 This method was termed
supplemental activator and reducing agent (SARA) ATRP,
upon recognizing that Cu0 was also capable of activating
dormant species, although to a much lower extent in
comparison to CuIL+.16 Other compounds, including ascorbic
acid and tin(II) 2-ethylhexanoate, were explored as reducing
agents to continuously reduce the X−CuIIL+ deactivator via
activator regenerated by electron transfer (ARGET)
ATRP.13b,17 Similarly, thermal radical initiators, e.g., azobisi-
sobutyronitrile, were employed to generate radicals during the
polymerization to induce the continuous (re)generation of
CuIL+ in the so-called initiators for continuous activator
regeneration (ICAR) ATRP.17 The ARGET and ICAR
methods were also implemented in ATRA, enabling one to
achieve a high yield of the desired monoadducts using ≤100
ppm of Cu catalyst.18

The (re)generation of the ATRP activator can also be
achieved through external stimuli such as light, electrical
current/potential, and ultrasound in the presence or absence of
piezoelectric materials, as in photoATRP,19 eATRP,20 and
mechano/sonoATRP,21 respectively. These systems use mild
conditions and offer the possibility to temporally and spatially
control polymerizations by regulating the applied stimulus.22

Temporal control is also achievable in ARGET23 and SARA
ATRP.24 The design and use of more active ATRP catalysts
provided more effective temporal control, while potentially
enabling one to expand the scope of monomers and functional
groups.25 ATRP systems with activator (re)generation can
tolerate the presence of some amounts of oxygen. When one
adjusted the reaction volume to diminish the headspace as well
as judiciously selected the ratios between the various ATRP
components, it was possible to obtain well-controlled polymer-
izations without deoxygenation.26 Robust oxygen-tolerant
ATRP was recently developed by means of enzymatic
degassing,27 via light irradiation combined with sodium
pyruvate in photoinduced ICAR (PICAR) ATRP,28 or by
modulating electrical currents in the presence of sodium
pyruvate in eATRP.29

These advances were made possible by an in-depth
investigation of the ATRP mechanism and by defining
expressions and correlations to predict ATRP outcomes. The
next section of this Perspective discusses the fundamental
characteristics of an ATRP catalyst, namely, its ability to
activate dormant species and deactivate propagating radicals
and its selectivity toward these processes. The aim is to
highlight the importance of the deactivation step and of the

Scheme 2. General Mechanisms of Cu-Catalyzed (a) ATRA,
(b) normal ATRP, and (c) ATRP with Continuous
(Re)generation of the CuIL+ Activatora

aThe parameters kact, kdeact, kt, and kp indicate the rate constants of
activation, deactivation, radical termination, and propagation,
respectively.
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side reactions, aspects that are commonly overlooked relative
to the activation step when designing new catalysts. The
subsequent sections describe key advancements in externally
controlled ATRP enabled by the improved understanding of
related mechanistic features. Relevant comparisons with ATRA
are included because of the common underlying mechanism
and therefore the possibility to reciprocally inspire future
developments. The final outlook explores some remaining
challenges and describes strategies to enhance the versatility of
ATRP and atom transfer radical processes.

2. ACTIVITY AND SELECTIVITY OF ATRP CATALYSTS
2.1. Activation of Dormant Species. In a normal ATRP

process without activator (re)generation, the polymerization
rate (Rp) is approximately fixed by the initial ratio of [CuIL+]
to [X−CuIIL+], according to eq 1, where KATRP is the ATRP
equilibrium constant and [M] is the monomer concentration.

= [ ][ ] = [ ][ ][ ]
[ ]

•
+

+R k k KM R
RX Cu L M

X Cu Lp p p ATRP

I

II (1)

To speed up a normal ATRP with seminal low-activity
complexes (L = 2,2,-bipyridine, bpy), it was necessary to raise
the reaction temperature or pressure30 or to employ more
active catalysts. However, the latter could result in a very high
radical concentration at the beginning of the process, leading
to large fractions of terminated chains and thus poor initiation
efficiency and low chain-end functionality.
Conversely, the kinetics of ATRP with activator regeneration

follows the steady state in radical concentration, similar to free
radical polymerization and reversible addition−fragmentation
chain-transfer (RAFT) polymerization.12b,31 As a result, the
radical concentration is (i) directly proportional to the square
root of the rate of CuIL+ regeneration, RCuIL+regeneration, and (ii)
inversely proportional to the square root of the rate constant of
radical termination, kt (eq 2). Therefore, Rp is virtually
independent of the catalyst loading, which can be very low, and
the rate determining step is the reduction of the CuII
deactivator. This opened new possibilities for tuning the
polymerization rate by varying the nature and/or amount of
the reducing agent, radical initiator, or external stimuli.

[ ] =• +R

k
R

Cu L regeneration

t

I

(2)

Moreover, high catalyst activity that was detrimental in
normal ATRP became advantageous if combined with a CuI
regeneration pathway.12b,25 More active ATRP catalysts have
higher KATRP. The latter determines the equilibrium molar
ratio between the X−CuIIL+ deactivator and CuIL+ activator
(eq 1); thus, highly active catalysts result in higher fractions of
the deactivator, improving the control (cf. eq 3 and the related
discussion). Cu complexes with tris(2-pyridylmethyl)amine
(TPMA) and tris[2-(N,N-dimethylamino)ethyl]amine
(Me6TREN) as ligands (Figure 1a) were used for ATRP
with activator (re)generation down to ∼10 ppm loading. The
same complexes enabled the catalyst loading to decrease in
intramolecular ATRA (i.e., atom transfer radical cyclization,
ATRC)4 using 5−100 ppm of Cu/TPMA with AIBN in an
ICAR-type process.
TPMA and Me6TREN, tetradentate tripodal ligands,

replaced bi-, tri-, and linear tetra-dentate ligands (e.g., bpy,
N,N,N′,N″,N″-pentamethyldiethylenetriamine, PMDETA, and

N,N,N′,N″,N‴,N‴-hexamethylenetetramine, HMTETA) that
form Cu complexes with much lower ATRP activity. TPMA
and Me6TREN have very often been employed as ligands in
ATRP for over 20 years, favored by their commercial
availability and high activity of the corresponding Cu
complexes (KATRP = 9.6 × 10−6 for Cu/TPMA and 1.5 ×
10−4 for Cu/Me6TREN, measured in acetonitrile at 22 °C
using ethyl α-bromoisobutyrate, EBiB, as the initiator, Figure
1b). Cu/TPMA is particularly suitable for ATRP in water,
thanks to its stability over a broad range of pH and low
tendency of CuITPMA+ to disproportionate.32 It is also the
catalyst of choice for ATRP in dispersed aqueous media, as it
strongly interacts with anionic surfactants forming ion pairs
that promote the polymerization control.33 The 15-times
higher activity of Cu/Me6TREN in comparison to Cu/TPMA
makes it the preferred catalyst in organic solvents, where RX
activation is 2−3 orders of magnitude slower than in water.25

The design of novel ligands for Cu complexes with even
higher ATRP activity has been the focus of intense research.12b

This was mainly motivated by the possibilities to diminish the
catalyst loading to the ppm or subppm level and to expand the
monomer scope of ATRP, further strengthened by recent
studies revealing that more active catalysts are beneficial to
reduce the extent of side reactions and to improve temporal
control over polymerizations.25 The ATRP activity of a Cu
complex can be inferred from the value of the standard
reduction potential (Eθ) of the X−CuIIL+/X−CuIL couple,
which is approximately equal to its half-wave potential,
E1/2(X−CuIIL+/X−CuIL). In fact, a linear relationship exists
between E1/2(X−CuIIL+/X−CuIL) and log KATRP for a fixed
RX, solvent, and temperature (Figure 2). Thus, one of the
most explored strategies to design ligands for Cu complexes
with high ATRP activity consists of introducing electron-
donating groups (EDGs) in the ligand structure to shift
E1/2(X−CuIIL+/X−CuIL) to more negative values. EDGs
increase the coordination strength of the ligand to the CuII
center relative to the CuI center. This diminishes the energy
needed for the electron transfer in ATRP activation; therefore,
KATRP increases. It should be noted that KATRP values are
defined not only by E1/2(X−CuIIL+/X−CuIL) but also by the
halidophilicity of CuII species (cf. eq 4).34

The modification of TPMA by EDGs in para (p) position on
pyridine rings has led to the most active Cu catalysts reported
to date (Figure 3).35 Cu complexes with TPMA-based ligands
having dimethylamino (TPMANMe2) and pyrrolidine
(TPMApyr) p-substituents exhibited 4 and 9 orders of

Figure 1. (a) Common ligands for Cu complexes used as ATRP
catalysts and (b) monomers mentioned in this Perspective with the
alkyl halide (X = Cl, Br) initiators that mimic the corresponding
dormant species in ATRP.
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magnitude higher KATRP values in comparison to those of Cu/
TPMA and Cu/bpy, respectively. These ligands are readily
accessible through the synthesis of tris(4-chloro-2-
pyridylmethyl)amine (TPMA3Cl), followed by the replacement
of electron-withdrawing Cl atoms with the desired EDG.35b

E1/2 of Cu complexes with TPMA-based ligands decreases with
the increase of the ED character of the p-substituents (Figure
3). The latter can be correlated to the Hammett parameter
(σp)

36 or the nucleophilicity parameter (N).37 Both of these

parameters are tabulated for a broad range of functional
groups; therefore, they can be used to guide the design of new
ligands and predict the activity toward C−X bonds of the
resulting Cu complexes.
The design of Cu complexes that surpass the activity of Cu/

TPMANMe2 and Cu/TPMApyr was computationally explored.38

The rigidification of ligand caps in nitrogen-based ligands
shortened the Cu−Ncap distance (Figure 4), diminishing the

stability of the highest occupied molecular orbital (HOMO),
thus favorably affecting the ΔG of the electron transfer and of
the overall ATRP process. As a result, Cu complexes with rigid
piperidine or quinuclidine analogues of TPMANMe2 (pipNMe2

and quinNMe2, Figure 4) should exhibit 3−4 orders of
magnitude higher activity than Cu/TPMANMe2. However, the

Figure 2. Linear correlation between E1/2(Br−CuIIL+/Br−CuIL)
(reported versus the saturated calomel electrode, SCE) and the
corresponding log KATRP determined for EBiB in acetonitrile (blue
diamonds) and MBP in DMF (orange dots). L acronyms are reported
for each point. Ligands and initiators’ structures are depicted in
Figures 1 and 3 and in ref 14a.

Figure 3. Trends in Cu complexes with TPMA-based ligands used as ATRP catalysts as a function of the p-substituents on the pyridine rings:
variation of E1/2(Br−CuIIL+/Br−CuIL), Hammett parameter (σp), activation and deactivation rate constants (kact and kdeact, respectively), and
selectivity toward ATRP (see eq 7).

Figure 4. Schematics of Ncap−Cu coordination for tripodal ligands
used in ATRP and structures of rigid piperidine and quinuclidine
analogous of TPMANMe2 (pipNMe2 and quinNMe2, respectively).

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.2c05364
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05364?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


synthesis of these ligands is not trivial. The replacement of a
methylene group in the quinuclidine cap with an oxygen could
offer an easier synthetic pathway without compromising the
activity of the resulting Cu catalyst.39

According to computational data, these rigidified Cu
complexes can unlock the ATRP of less activated monomers
such as vinyl acetate (VAc), N-vinylpyrrolidone, and N-
vinylformamide. KATRP values correlate to the free energy of
C−X bond dissociation (BDFE) in RX initiators mimicking
dormant species.14a,40 KATRP is ca. 6 orders of magnitude lower
for 1-bromoethyl acetate (BEA; Figure 1b, VAc mimic) than
for methyl 2-bromopropionate (MBP; Figure 1b; methyl
acrylate: MA mimic). This gap in reactivity matches the
predicted gain in KATRP when replacing Cu/Me6TREN with
Cu/quinNMe2. Thus, the ATRP of VAc catalyzed by Cu/
quinNMe2 should proceed in a similar manner to the ATRP of a
typical acrylate monomer catalyzed by Cu/Me6TREN.
However, the rigidity of the ligand may affect the deactivation
of propagating radicals and the selectivity of the catalyst. Both
aspects must be critically evaluated when designing new
ligands.
2.2. Deactivation of Propagating Radicals. In ATRP,

the deactivation rate constant kdeact defines the control over
chain growth. Đ is proportional to the ratio of kp to kdeact and
inversely proportional to the deactivator concentration,
according to eq 3, where p is the monomer conversion and
DPn is the degree of polymerization. Equation 3 is valid in the
case of fast initiation and negligible contributions of transfer
and termination.

= = + +
[ ]

[ ]+
M
M

k

k p
1

1
DP

RX

X Cu L
2

1w

n n

p 0

deact
II

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

(3)

The value of kdeact is generally ≫kact and close to the
diffusion limit for a second-order reaction, which shifts the
ATRP equilibrium toward the dormant species. Contrary to
kact, kdeact is only slightly affected by the nature of the ligand
and its substituents (Figure 3) as well as by the reaction
conditions, such as solvent polarity and temperature. The
parameters affecting kdeact are still only partially understood.

14a

Over an order of magnitude lower kdeact values were measured
for some of the most active complexes (e.g., Cu/TPMAmor,

Cu/TPMANMe2) with respect to classical Cu/TPMA and Cu/
Me6TREN, which exhibit kdeact > 107−108 M−1 s−1 for Br-
based systems.35b The halogen nature has an important effect
on kdeact, as chlorine and, to a greater extent, fluorine atoms
strongly bind to CuII, stabilizing the deactivator. This results in
a decrease in kdeact and thus a less effective polymerization
control.41 On the other hand, iodides have poor affinity for
CuII species.14a,41 Therefore, Br is the preferred chain-end
functionality in ATRP when a large kdeact is needed.
Tuning the rate of radical deactivation allows for the

preparation of polymers with tunable Đ values. While RDRPs
are classically used to prepare polymers with low dispersity, the
possibility to control the breadth and shape of polymer MW
distribution by RDRP has recently attracted great attention.42

Đ can be increased by decreasing the concentration of the CuII
deactivator (cf. eq 3).43 Figure 5a compares experimental and
theoretical Đ values for PMA prepared by photoATRP with
different initial concentrations of CuBr2/Me6TREN.

43c Ex-
perimental Đ values ranged from 1.05 to 1.40 by decreasing the
loading of CuBr2/Me6TREN from 7.3 × 10−4 to 4.0 × 10−5 M.
The theoretical Đ values were calculated from eq 3 and
matched the experimental data. Figure 5b shows the variation
in PMA dispersity as a function of kdeact. If Cu/Me6TREN is
replaced with a catalyst that has similar activity but 1 order of
magnitude lower kdeact, high Đ = 1.8 is already obtained at a
catalyst loading of ∼2.0 × 10−4 M.
The concentration of the X−CuIIL+ deactivator in ATRP

depends on the ATRP equilibrium and on the halidophilicity
constant KX

II that expresses the affinity of CuIIL2+ for X−

according to eq 4.

= [ ]
[ ][ ]

+

+K X Cu L
X Cu LX

II
II

II 2 (4)

Typical Cu catalysts have KII
Br ≈ 104−107 M−1 in organic

solvents and KII
Br < 102 in aqueous media.32 Therefore,

aqueous ATRP generally requires one to employ a large excess
of halide ions relative to the CuII loading to prevent the
dissociation of X−CuIIL+ that results in increased polymer
dispersity (cf. eq 3). However, the proper amount of X−

depends on the particular aqueous system: Methacrylate
monomers typically require a >50-fold excess of X− to obtain
polymers with relatively low Đ,32,46 while lower amounts could

Figure 5. (a) Variation of Đ as a function of the equilibrium concentration of Br−CuIIMe6TREN+ for the ATRP of MA (50 vol % in DMSO) at
room temperature. In this system, kdeact = 5.6 × 107 M−1 s−1 and KATRP = 7 × 10−5;44 thus, at equilibrium, >99% of the catalyst is in the deactivator
form (i.e., [Br−CuIIL+] ≈ [CuBr2/L]0). Dots correspond to real-case polymerizations in ref 43c. Curves were obtained using eq 3 with fixed p =
76%, DPn = 150, and kp = 13 100 M−1 s−1.45 (b) Variation of Đ as a function of kdeact in an otherwise identical system.
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be used for acrylates,47 although the reason behind this
different behavior needs to be further investigated.
Another key feature of a well-controlled polymerization is

the preservation of chain-end functionalities to prepare block
copolymers and other architectures and to make polymers
amenable to postpolymerization modifications. The chain-end
functionality (CEF) of a polymer can be expressed as CEF = 1
− DCF, where DCF corresponds to the fraction of dead
chains. In ATRP, DCF is calculated as the ratio of the
concentration of terminated chains [T] to the initial
concentration of the initiator ([RX]0, eq 5). For systems
with a very small contribution of termination (ca. < 5%), DCF
is proportional to kt, the target degree of polymerization
(DPT), and monomer conversion and inversely proportional to
the polymerization time t, initial monomer loading ([M]0), and
kp2.

= = [ ]
[ ]

= [ ]
[ ]

k p
k t

DCF 1 CEF
T

RX
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M0

T t
2
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2
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On the basis of eq 5, the ATRP of MA at room temperature
with DPT = 100 can be conducted to 80% conversion in less
than 10 min with only 2% of terminated chains (Table 1).48

However, for methyl methacrylate (MMA) under similar
conditions, the polymerization time must be extended to
hours, mostly due to the slower propagation of methacrylate
radicals, so higher temperatures can be beneficial to improve
CEF. For a bulky methacrylate monomer such as oligo-
(ethylene glycol) methyl ether methacrylate (OEOMA), which
has a relatively low kt and is typically polymerized in diluted
aqueous solutions (10−20 wt % monomer), the DCF is <1%
for a polymerization time of 24 h.

Importantly, DCF does not correlate to polymer Đ, so it is
possible to obtain high CEF even for polymers with a high Đ.
When eq 5 was applied to the photoATRPs in Figure 5a, DCF
was in all cases ≪10%, even for PMA with Đ > 1.4. According
to eq 3, polymer Đ is predominantly affected by the ratio of the
rates of propagation and deactivation processes: rapidly
propagating monomers tend to add more units before being
deactivated; thus, efficient deactivation is needed to obtain a
low Đ. On the other hand, DCF is proportional to kt/(kp)2 (eq
5); therefore, rapid monomer propagation can be beneficial to
achieve high CEF. In addition, CEF increases with a decrease
in the polymerization rate, which is primarily dictated by the
rate of deactivator regeneration.31 For acrylate monomers, the
high (kp)2/kt favors high CEF.
By rearranging eq 5, one can calculate the concentration of

terminated chains [T] at a given polymerization time. In
ATRP, one molecule of deactivator is accumulated for every
terminated chain. With activator (re)generation, the accumu-
lated X−CuIIL+ is reduced to CuI species by employing, for
instance, a suitable reducing agent in an ARGET ATRP
process. Therefore, the value of [T] in eq 5 corresponds to the
equivalents of reducing agent needed to regenerate the CuI
activator from X−CuIIL+ that builds up upon radical
termination (see values in parentheses in Table 1). It should
be noted that, in real polymerization systems, kt values strongly
depend on chain length and viscosity (i.e., conversion); thus,
the contribution of termination processes decreases with
conversion.
The most active ATRP catalysts have kact and kdeact values

that approach the diffusion limit for second order reactions
(ca. 109 M−1 s−1, depending on solvent viscosity). The most
active catalysts to date exhibit kact ≈ 107 M−1 s−1 for MA-
mimicking dormant species in DMF at room temperature.35b

However, these catalysts have lower kdeact values compared to
less active complexes. Therefore, the goal in catalyst design
should shift from enhancing their activity to improving their
ability to deactivate propagating radicals and their selectivity
toward ATRP activation/deactivation.

2.3. Selectivity. Transition metal complexes can be
employed to control the propagation of radicals via
formation/dissociation of organometallic species, as in organo-
metallic mediated radical polymerization (OMRP).49 Cobalt
complexes are the most employed in OMRP.49a The ATRP
activator CuIL+ can also react with propagating radicals to form
organocupric intermediates R−CuIIL+ (Scheme 3). The latter
participates in a radical activation/deactivation (i.e., homolytic
cleavage of R−CuIIL+/capture of R• by CuIL+) equilibrium
typical of an OMRP. The OMRP equilibrium constant, KOMRP,
is defined as the ratio between the rate constants of activation

Table 1. DCF as a Function of the Polymerization Time
Needed to Reach 80% Conversion for Different Monomersa

monomerb T (°C) 10 min 1 h 24 h 1 week

methyl methacrylate 25 >50% >50% 19% (18
mM)

3% (2.5
mM)

methyl acrylate 25 2%
(1.6
mM)

<1%
(0.3
mM)

<1%
(11 μM)

<1%
(1.6 μM)

oligo(ethylene glycol)
methyl ether
methacrylate

25 >50% 16%
(0.7
mM)

<1%
(30 μM)

<1%
(4 μM)

aThe molar concentration of dead chains is in parentheses; it is equal
to the amount of reducing agent needed to regenerate the CuIL+

activator. bConditions: DPT = 100. Hypothetical bulk polymerizations
for methyl (meth)acrylate; [oligo(ethylene glycol) methyl ether
methacrylate] = 0.42 M in water. DCF calculated according to eq 5.

Scheme 3. General Mechanism of ATRP with Activator Regeneration, Including the Formation of Organocupric Intermediates
That Participate in the OMRP Equilibrium and in CRT
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and deactivation of propagating radicals (kact,OMRP/kdeact,OMRP,
eq 6). On one hand, organometallic intermediates can improve
polymerization control due to the fast reversible formation of
R−CuIIL+. However, the paramagnetic R−CuIIL+ can rapidly
react with propagating radicals producing terminated chains
and regenerating CuIL+ in a process called Cu-catalyzed radical
termination (CRT).50

= = [ ][ ]
[ ]
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II
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The elusive nature of organometallic species is hampering
precise quantifications of their effect in ATRP.51 The
selectivity of a catalyst for the ATRP vs OMRP process can
be expressed as the relative tendency of CuIL+ to react with
either dormant species (ATRP activation) or propagating
radicals (OMRP deactivation). Therefore, the selectivity can
be defined as the ratio of ATRP activation rate to the OMRP
deactivation rate (eq 7). The selectivity of a Cu complex is
directly proportional to the concentration of RX and inversely
proportional to the equilibrium amount of propagating
radicals. Therefore, when one targets lower DP (i.e., higher
[RX]0) and performs slower polymerizations (i.e., lower [R•]),
the result is improved selectivity toward ATRP. Interestingly,
the catalyst selectivity is independent of its concentration, but
it increases with an increase in its ATRP activity. The OMRP
deactivation between CuIL+ and R• is generally fast with
kdeact,OMRP approaching the diffusion limit for a second order
reaction for many catalysts.51a
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Values of kdeact,OMRP and kact,OMRP have been determined by
electrochemical and spectrochemical studies and by simu-
lations of Cu/L + RX systems.51 According to these studies,
the electronic and steric properties of the ligand affect the
ATRP equilibrium much more than the OMRP equilibrium.
No clear correlation exists between the ATRP and OMRP
activity of typical Cu catalysts employed in ATRP, although all
Cu complexes with TPMA-based ligands bearing ED p-
substituents showed lower kdeact,OMRP and kact,OMRP values in
comparison with those of Cu/TPMA.51a When eq 7 was
applied to these complexes, Cu/TPMA was determined to be
less selective, while the most active ATRP catalysts were more
selective (Figure 3). The polymerization solvent showed a
larger impact on kact than on OMRP rate constants. The effect
of the polymerization temperature on the OMRP parameters
has yet to be explored, and little is known about the role of the
chain length of propagating radicals.
The selectivity of a Cu/L complex is important to evaluate

the impact of CRT. In ATRP with tertiary radicals as well as
styrene and acrylonitrile radicals, CRT can generally be
neglected.51a However, for acrylate species, CRT can dominate
over conventional radical termination (RT), accounting for up
to 90% of the terminated chains.52 The rate constant of CRT is
weakly affected by the catalyst nature. Nevertheless, simu-
lations of ATRP systems showed that, if the catalyst activity is
increased, the equilibrium concentration of CuIL+ decreases;
thus, organocupric intermediates are diminished, and the

contribution of CRT becomes negligible versus RT (Figure
6).51a

Besides reacting with RX or radicals, CuIL+ can dispropor-
tionate to CuIIL2+ and Cu0 + L. Disproportionation is faster in
polar solvents, particularly in water.32 Solvents and ligands that
preferentially stabilize Cu2+ over Cu+ favor disproportiona-
tion.35b TPMA strongly stabilizes both Cu+ and Cu2+,
providing an active catalyst that is very stable toward
disproportionation, thus being the catalyst of choice in
aqueous ATRP.32 Overall, CuI complexes with amine ligands
are excellent catalysts to activate alkyl halides; however, the
reactivity of CuIL+ with R• (OMRP-CRT) and with itself
(disproportionation) must be considered to design the most
selective catalytic systems.

3. ELECTROCATALYSIS IN ATRP
In recent years, there has been a renewed interest in powering
organic synthesis by electrochemical methods, encouraged by
the increasing availability of renewable electricity that can be
harnessed to sustainably produce value-added chemicals.53 The
concerted atom and electron transfer at the core of ATRP and
ATRA motivated the attempts of triggering these processes by
electrochemical means. Electrochemically mediated ATRP
(eATRP) was developed in 2011 for the controlled polymer-
ization of acrylates in organic solvents20 and then extended to
several monomers and solvents, including aqueous systems.54

In contrast, reports on electrochemically triggered ATRA or
ATRC reactions are scarce.55 In the field of polymer science,
eATRP is a pioneering process that inspires the implementa-
tion of electrochemical stimuli in cationic,56 ring-opening,57

and RAFT58 polymerizations.
In eATRP, the deactivator X−CuIIL+ is reduced at the

surface of a working electrode (WE) by applying a constant
potential (Eapp) or current (Iapp) in a potentiostatic or
galvanostatic setup, respectively. The electro-reduction gen-

Figure 6. PREDICI simulations of ARGET ATRP of MA in DMF,
catalyzed by 200 ppm of CuBr2/TPMA or CuBr2/TPMANMe2.
Adapted from ref 51a. Copyright 2019 American Chemical Society.
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erates X−CuIL that partially dissociates to X− and the activator
CuIL+. An important advantage of eATRP is that the value of
Eapp determines the relative molar ratio of the oxidized and
reduced catalyst species at the electrode’s surface, according to
the Nernst equation (eq 8, where R is the gas constant, T is
temperature, and F is Faradays’ constant), and thus the ratio of
ATRP deactivator to activator. Therefore, Eapp can be dialed to
tune the polymerization rate (Figure 7) as well as the
polymerization control (Đ is affected by the concentration of
X−CuIIL+; cf. eq 3).

= + [ ]
[ ]

+
E E RT

F
X Cu L
X Cu Lapp 1/2

II

I (8)

Another unique advantage of the electrochemical approach
is the possibility to estimate the CEF during an eATRP from
the consumed electrical charge. The total charge passed during
the polymerization (Qtot; eq 9) corresponds to the sum of (i)
the charge needed to reduce a fraction of the initial X−CuIIL+

to CuI species (Qred) and (ii) the charge required to
continually reduce X−CuIIL+ formed during the polymer-
ization as a consequence of radical terminations (Qrt).

46 The
value of Qred can be calculated using Faraday’s law of
electrolysis in eq 9, where nred corresponds to the number of
moles of CuI electrogenerated at the WE (which in turn
depends on Eapp and is calculated from eq 8). Thus, if Qtot >
Qred, a fraction of the passed charge (Qrt) was used to
compensate for the termination events. The value of Qrt can
then be used to calculate the moles of terminated chains, nrt.

= + = +Q Q Q n F n Ftot red rt red rt (9)

eATRP distinguishes itself from other ATRP methods with
activator (re)generation for its strict temporal control over the
polymerization. In most ATRP systems, temporal control is
obtained by switching off the stimulus (e.g., light and
ultrasound) or by removing the Cu wire in SARA
ATRP.21b,24,44 Similarly, in eATRP, the applied current/
potential can be switched off.59 The halt of the polymerization
can take a few minutes to several hours: A faster stop is
obtained when more active ATRP catalysts are employed as
the equilibrium concentration of CuIL+ is lower; thus, fewer
activation events can take place in the “off” period before all
CuIL+ is oxidized.25 Nevertheless, in eATRP, it is also possible
to quickly halt the polymerization by changing the applied
current/potential rather than simply turning it off.20 If a
suitable oxidizing current or potential is applied (Figure 7),

CuIL+ is quickly converted into CuII species, stopping the
polymerization in a few minutes regardless of the catalyst
nature or reaction conditions. The only limitation to an
instantaneous halt is the mass transport to and from the
electrode. A similar concept was applied to ARGET ATRP by
alternatively introducing a proper reducing or oxidizing
agent.23 However, eATRP allows for a much cleaner reaction
switching.
In fact, another advantage of eATRP in comparison to other

ATRP methods with activator (re)generation is the absence of
byproducts, as electrons are the reducing agents. This is strictly
true for eATRPs performed in a divided cell, where the counter
electrode (CE) is placed in a separated compartment with
respect to the WE that is directly immersed in the
polymerization solution. A simplified system (seATRP) is
also possible, where a sacrificial CE, typically aluminum wire, is
employed in an undivided setup.60 However, in seATRP with
an Al sacrificial anode, Al3+ ions are released in solution during
polymerization, which can form complexes with typical ligands
of Cu catalysts.61 Although these Al complexes are inactive in
ATRP, excess L’s or buffers is needed to prevent a large
decrease in the concentration of the Cu catalysts.
The adoption of electrosynthetic methods such as eATRP

can be hampered by the complex equipment needed. To make
electrosyntheses more appealing, simpler and standardized
devices were developed such as the IKA Electrasyn, where a
basic potentiostat is built-in to a magnetic stirrer.62 This
simplified hardware was effectively employed for aqueous
seATRP under both constant applied potential or current.62b

The availability of various accessories for running multiple
eATRPs in parallel, in μL volume,63 or in flow reactors can
help open new avenues for this polymerization technique.
Moreover, the scale-up of eATRP is facilitated by the
possibility of using stainless steel reactors, whereby the reactor
wall serves as the WE.64 Finally, the electrochemical setup
provides an opportunity to remove and recycle the catalyst:65

At the end of the polymerization, a suitable potential/current is
applied to reduce all Cu complexes to Cu0, which deposits on
the WE surface. The WE with electrodeposited Cu can then be
reused for new polymerizations.

4. PHOTOCATALYZED ATRP
4.1. Beyond the Activation/Deactivation Equilibrium

via Photocatalysis. The development of ATRP with
activator (re)generation occurred concomitantly to a raising
interest in photocatalysis for organic synthesis, following

Figure 7. Exemplified effect of applied potential Eapp on the polymerization kinetics in eATRP. Colored dots on the voltammograms correspond to
the different Eapp values, and they are color-coded with the kinetic lines and with the time interval of the ON/OFF periods.
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seminal reports on visible light photoredox catalysis.66 As a
consequence, light was applied to ATRP to generate radicals
via photoinitiators and to trigger a catalytic activation/
deactivation cycle via oxidative or reductive quenching
pathways.67

Conventional Cu-based ATRP catalysts are employed in
photochemically mediated systems (photoATRP) via a
reductive quenching cycle using UV or violet light to excite
the X−CuIIL+ deactivator to [X−CuIIL+]*, which is then
quenched by the reaction with an electron donor (ED) (e.g.,
triethylamine, TEA, or free uncoordinated L).19b,68 This
reductive quenching (Scheme 4a) process generates the
CuIL+ activator that reacts with RX to form propagating
radicals and X−CuIIL+ in a typical ATRP equilibrium. It was
recently shown that the selection of the wavelength of light
irradiation can affect the ATRP outcome in terms of polymer
MW and dispersity.69

Alternatively, an oxidative quenching mechanism (Scheme
4b,c) is possible with suitable photocatalysts (PCs) such as CuI
complexes with phenanthroline derivatives,70 fac-IrIII(ppy)3
(ppy = 2-pyridylphenyl),19a,71 and several families of organo-
photocatalysts, e.g., phenothiazines, phenazines, and phenox-
azines (Figure 8).72 Upon photoexcitation with UV or visible
light, PC* undergoes an electron transfer to the alkyl halide to
generate a propagating radical and the oxidized form of the
photocatalyst, PCox (for metal-based PCs) or PC•+ (for
organophotocatalysts). The oxidized photocatalyst closes the
catalytic cycle by deactivating the radical. A few examples of
reductive quenching pathways mediated by organophotocata-
lysts (e.g., Eosin Y, fluorescein) in the presence of EDs were
also proposed; however, they are not discussed in this
Perspective.70c,72b,73

While photocatalytic cycles based on oxidative quenching
were first developed using metal-based PCs, organocatalyzed
ATRP (oATRP) later dominated the field thanks to its greener
character. PCs were also employed for photochemically
triggered ATRA.9,74 The latter can also proceed through an
energy transfer from PC* to RX75 rather than via electron
transfer as conventionally implied for photoATRP systems. In
this case, the photosensitizer in its excited state transfers
energy to RX, which is homolytically cleaved. The C-centered
radical adds to the alkene and then is deactivated by halogen
atom abstraction.
From a mechanistic point-of-view, the traditional ATRP

framework is different from ATRP mediated via an oxidative-
quenching photoredox cycle. For traditional Cu complexes, the

activation energies (and thus the rate constants) of the
activation and deactivation reactions are tied via the ATRP
equilibrium with KATRP = kact/kdeact. KATRP is generally ≪1;
thus, the activation energy for the activation reaction is much
higher than that of the deactivation reaction (Scheme 5a). The
reaction between CuIL+ and RX is an ISET, which drastically
lowers the activation energy of both activation and
deactivation, if compared to an outer sphere electron transfer
(OSET) mechanism.10

The mechanism of photoATRP via oxidative quenching
follows a different energy profile (Scheme 5b). The energy of a
photon is injected into the system so that the relation KATRP =
kact/kdeact does not hold. The ground state photocatalyst (PC)
is promoted to an excited state (PC*); from the excited state
(either singlet or triplet state), the RX activation reaction is
exoergonic.76 Fast activation of RX by PC* generates R• and
the oxidized photocatalyst PCox or PC•+, which may form a
weakly bound adduct with X− (PCox/X− or PC•+/X−). In the
photochemical cascade, the deactivation reaction of radicals by

Scheme 4. General Mechanisms of photoATRP Catalyzed by (a) Conventional Cu-Based ATRP Catalysts via a Reductive
Quenching Path and (b) Metal-Based or (c) Organo-Photocatalysts via Oxidative Quenching

Figure 8. Structures of (a) metal-based PCs and (b) organo-PCs
commonly used in photoATRP and oATRP, respectively.
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PCox/X− or PC•+/X− is also exoergonic, so that fast
deactivation is promoted. Even if both kact and kdeact can be
very high, the overall process can be slow because of the
inefficiency of light absorption or the very short lifetime of
PC* or radical cations.
The efficiency of RX activation in photoATRP is typically

limited by low quantum efficiency (Φ) and the short lifetime
of the PC* excited state (τ0), in agreement with eq 10, which
expresses the quantum yield for ATRP activation (ψact) when
occurring from an excited state.76

[ ]k RXact act 0 (10)

The electron transfer between PC* and RX follows an OSET.
The deactivation reaction in photoATRP is particularly difficult
for two reasons: (i) the deactivator PCox/X− or PC•+/X− is
only formed following the inefficient activation reaction, so it
hardly reaches high concentrations; (ii) in the case of
organophotocatalysts, the deactivator is typically a rather
unstable radical cation (its lifetime can be seconds to hours).
The mechanism of radical deactivation in photoATRP is not
yet clear, and three pathways have been proposed has shown in
Scheme 6: (i) deactivation by the PC•+/X− adduct (Scheme
6a);77 (ii) PC•+ oxidizes X− to X•, which traps the propagating
radicals (Scheme 6b);78 (ii) a termolecular reaction between
PC•+, X−, and R• (Scheme 6c).76

The ideal photocatalyst should have the following proper-
ties: (i) high τ0 and Φ; (ii) a very negative reduction potential
of the PCox/PC* or PC•+/PC* couple (<−1 V vs SCE); (iii) a

stable PCox or PC•+, at least for the time scale of the
polymerization process (hours); (iv) a relatively positive
potential for the PCox/PC or PC•+/PC couple between ca. 0
and +0.8 V vs SCE (a more positive potential can cause
oxidation of X−); (v) a strong interaction between PCox/X− or
PC•+/X− to favor a bimolecular deactivation process.
For metal-based catalysts, the standard reduction potentials

of PCox/PC* couples for the PCs fac-IrIII(ppy)3, CuI(phen)2+
(phen = 1,10-phenanthroline), and CuI(dap)2+ (dap = 2,9-
bis(p-anisyl)-1,10-phenanthroline) (Figure 8) are −1.73,
−1.65, and −1.43 V vs SCE, respectively, in acetonitrile.79

For comparison, the most active traditional Cu complexes
barely reach −0.6 V vs SCE. The reduction potentials of the
PCox/PC couples for the PCox deactivators fac-IrIV(ppy)3+ and
CuII(dap)22+ are 0.31 and 0.62 V vs SCE, respectively. Cu-
based PCs with phenanthroline are largely employed in
photocatalyzed ATRA,9 where various reaction mechanisms
are postulated. For instance, an ISET mechanism was
proposed for certain ATRA systems catalyzed by CuI(dap)2+
through the formation of a CuIII organometallic intermediate.80

For organophotocatalysts, the standard reduction potential
of PC•+/PC* couples can be lower than −2 V vs SCE.22 The
reduction potentials of PC•+/PC species range between 0 and
0.8 V vs SCE. For moderately oxidizing organophotocatalysts,
the deactivation reaction likely proceeds through a bimolecular
concerted mechanism via the formation of the PC•+/X− ion-
pair deactivator (Scheme 6a).78,81 This pathway is much less
favorable for Cl− ions due to the much weaker interactions
with radical cations76 and the higher tendency to undergo side
reactions (e.g., H atom abstraction by Cl•).22,78 Within this
range of oxidation potentials, more oxidizing PC•+ provided
faster deactivation. The strength of ion-pairing in PC•+/Br− is
affected by the solvent nature with ethyl acetate and THF
enhancing the association more than dimethylacetamide.78,82

The solvent nature also impacts the quantum yield of
intersystem crossing and the lifetime of the excited state
activator.82

Several organophotocatalysts have been successfully used for
the oATRP of methacrylates. Conversely, well-controlled
polymerization of acrylate monomers is hampered by the
lower reactivity of secondary alkyl halide chain ends and by the
faster propagation of secondary radicals. oATRP of acrylates
required to design organo-PCs simultaneously forming
strongly reducing PC* for effective activation, and sufficiently
oxidizing PC•+ for rapid deactivation. Dimethyl-dihydroacry-
dines (Figure 8) enabled the first oATRP of acrylates with
relatively low Đ.83 The addition of LiBr further improved the
control.
In addition, an electrochemical approach to oATRP was

devised with the purpose of enhancing the deactivation step by
modulating the concentration of PC•+ via electrochemical
oxidation of PC.84 When an appropriate oxidation potential
was selected, electrochemically modified oATRP provided
better control in the polymerization of MMA. However, more
studies are needed to prove the versatility of the approach and
to verify the impact of the electrochemical apparatus (e.g., the
effect of the anions in the supporting electrolyte).
Besides their activation and deactivation abilities, the

selectivity of PCs is equally important, albeit underexplored.
Common ATRP initiators form radicals that can add to the
core of dihydrophenazine PCs.85 The resulting adducts can
add to monomer species and form termination products.
Moreover, these adducts have different electrochemical and

Scheme 5. Free Energy Comparison in a Traditional ATRP
and in ATRP Mediated via Photoredox Catalysis through an
Oxidative Quenching Pathway

Scheme 6. General Mechanism of oATRP with Different
Deactivation Pathwaysa

a(a) Via formation of the PC•+/X− adduct; (b) via R• trapping by X•,
generated via oxidation of X− by PC•+; (c) via a termolecular reaction.
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photophysical properties compared to the initial PCs, affecting
the oATRP activation/deactivation. The sterics of PC and R•

and the solvent type play a major role in the selectivity of
organophotocatalysts.81,82

4.2. Dual Catalysis in photoATRP. Despite the improve-
ments in oATRP, photoATRP with conventional Cu/L
complexes shows improved polymerization control and can
be performed with commercially available reagents. However,
an important limitation of traditional Cu systems is the need
for high-energy UV or violet light sources. To circumvent this
drawback and employ visible or NIR light, dual-catalytic cycles
were developed, whereby a PC is introduced into the system
together with conventional Cu-based ATRP catalysts.
In dual-catalyzed photoATRP, PC can be excited to PC* via

visible or NIR light. Then, PC* reduces X−CuIIL+, generating
CuIL+ that can activate the RX initiator or dormant species
(Scheme 7a). In some systems, PC* may be sufficiently

reducing to react directly with RX generating radicals, thus
offering an additional activation pathway. Conversely, the
deactivation of growing chains is mediated by the CuII
deactivating species, which can be used in ppm amounts.
The reduction of X−CuIIL+ by PC* generates PC•+. It was
proposed that Br− ions formed during the ATRP activation
step reduce PC•+ to the ground state PC; however, a
contribution from solvent or excess L acting as ED could
not be excluded.86 An alternative is represented by
“upconversion” nanoparticles as PC, harnessing their ability
to absorb NIR light and emit UV light, which then excites X−
CuIIL+ initiating the photoATRP cycle (Scheme 7b).87

Dual catalyst systems exploited several PCs including metal
porphyrins and phthalocyanines, carbon quantum dots
(CQDs), covalent organic frameworks, and polyacrylonitrile-
derived photoluminescent polymer assemblies under blue,
green, or red light in organic solvents or aqueous media.88

Pyridine nitrogen doped-CQDs enabled ultrafast, oxygen
tolerant photoATRP in water, which was exploited for 3D
printing.89 Moreover, nitrogen doped-CQDs could work under
NIR light by combining them with UCNPs in composite
particles.90 Polymethine derivatives with a zwitterionic nature

could be used to mediate a dual-catalyzed ATRP under NIR
light.86

Heterogeneous PCs have the advantages of facile separation
from the final polymer and recycling.91 A smart approach to
build heterogeneous PCs is to embed traditional small-
molecule homogeneous PCs into a polymer network, which
also allows for tuning the photophysical properties of the
photocatalyst.91b,92 Recently, a photoactive phenothiazine
moiety was embedded into a conjugated microporous polymer
(PTZ-CMP).91b The conjugated nature of the resulting
network promoted light absorption in the green and red
region. Therefore, PTZ-CMP was used as a heterogeneous,
recyclable PC for ATRP of (meth)acrylates under green- and
red-light irradiation, catalyzed by conventional Cu complexes
in the presence of ED.
Most ATRP catalysts are relatively easy to reduce: Their E1/2

ranges between 0 and −0.4 V vs SCE. For instance, the singlet
excited state of zinc tetraphenylporphyrin (ZnPor*) is a
suitable reductant in DMSO with a reduction potential of
−0.95 V and a lifetime of 1.7 ns.88e A longer-living triplet
excited state with high quantum yield can be generated by
intersystem crossing.93 Thus, ZnPor was effectively used in
photoATRP with Br−CuIIPMDETA+.88e,93 Moreover, ZnPor*
is capable of deactivating ground state oxygen via triplet−
triplet annihilation, forming singlet state oxygen that is
scavenged by DMSO, enabling one to perform photoATRP
without degassing.88e,94

5. MECHANO/SONO-CHEMICALLY MEDIATED ATRP
Mechanochemical forces are extensively applied in polymer
chemistry to either degrade polymer chains or build macro-
molecules.95 Ultrasound is a mechanochemical stimulus that
creates the unusual conditions of extremely high temperatures
and pressures for short periods in liquids. Ultrasound offers
deeper penetration and less scattering in heterogeneous media
than light irradiation. The first example of mechanoATRP
involved the use of ultrasound together with piezoelectric
BaTiO3 nanoparticles to continuously reduce X−CuIIL+ via
mechano-induced electron transfer21a The initial setup,
requiring high-intensity ultrasound and high catalyst loading,
was improved by employing low-intensity ultrasound and 75
ppm of Cu/TPMA.96 With an optimized loading of 4.5 wt %
BaTiO3 nanoparticles, effective temporal control was achieved
for ATRP of MA in DMSO. The latter could be also carried
out without degassing.97

Strong interactions between the piezoelectric material and
Cu/L catalyst can facilitate the electron transfer by decreasing
the energy of the conducting band in the semiconductor. Thus,
the loading of piezoelectric material was greatly decreased by
replacing BaTiO3 with ZnO nanoparticles,98 which exhibited
an enhanced interaction with Cu/TPMA. The reduction of
Br−CuIITPMA+ by ZnO (Scheme 8) occurred concurrently
with the oxidation of excess TPMA. A small amount of radicals
was generated by ultrasound-induced cavitation; however, the
contribution of this process was limited. Thus, block
copolymers were effectively prepared.
Nevertheless, radicals generated by ultrasound-induced

cavitation can be harnessed to start and mediate polymer-
izations in water without adding piezoelectric compounds.99

Thus, aqueous sonoATRP with a few ppm of Cu/L catalyst and
low-frequency ultrasound provided well-defined (co)polymers
over a broad range of MW.99b Effective temporal control was

Scheme 7. General Mechanism of photoATRP with (a) a
Dual Catalyst System and (b) Upconversion Nanoparticles
(UCNPs)
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achieved thanks to the very low equilibrium concentration of
CuIL+ in aqueous systems with high KATRP.
The ability of ultrasound to cleave bonds can also be

exploited in ATRP. Certain anions, such as carbonate and
pyruvate ions, can displace Br− from Br−CuIIL+ complexes,
forming CuII complexes that under selected stimuli (e.g., light,
ultrasound) are homolytically cleaved to form the ATRP
activator CuIL+ and a radical (Scheme 8).28a,100 Thus, the
combination of Na2CO3 and Cu/TPMA allowed for well-
controlled sonoATRP in organic solvents.100

Besides ultrasound, ball-milling can drive mechanochemical
processes in sustainable solvent-free systems. Solid-state ATRP
was conducted by ball-milling mixtures of solid monomers,
conventional ATRP catalysts and initiators, and Cu0 to
accelerate the process.101 Tuning the ball-milling frequency
provided temporal control over polymerizations. However,
mechanically induced chain scissions resulted in chain-end loss
and lower MWs than expected. Nevertheless, solid-state ATRC
was also demonstrated by combining ball-milling and piezo-
electric BaTiO3 nanoparticles.102 At a relatively low milling
frequency and TPMA amount, high yields of desired cyclic
products were obtained with 5 mol % CuII loading.

6. OUTLOOK
The continuous development of catalysts and mechanistic
approaches for ATRP provided numerous advantages includ-
ing more sustainable reaction conditions, improved polymer-
ization control, and a broader scope of monomers and
functionalities. The external control of ATRP with activator
(re)generation opened new avenues to manipulate the catalytic
activation/deactivation cycle. The mechanistic aspects of
ATRP described in this Perspective can provide new directions
to overcome traditional limitations of ATRP processes, as
exemplified in the following paragraphs and in Scheme 9.
6.1. Next Goals in Catalyst Design. Following the

discovery of a linear correlation between the standard
reduction potential of Cu complexes and their log KATRP, the
design of novel ligands was aimed at preparing catalysts
capable of faster RX activation. However, the efficient
deactivation of propagating radicals is a key to controlling
polymer dispersity, and catalyst participation in competitive
equilibria (e.g., disproportionation, formation/dissociation of
organocupric intermediates) can hamper the polymerization
control. Therefore, the focus of mechanistic investigations and
catalyst design should shift toward understanding and tuning
the efficiency of deactivation and selectivity for the ATRP
equilibrium. Advanced tools, such as machine learning
approaches, should be used to identify new trends in the
vast pool of ATRP catalysts and initiators that has been
employed in the past decades. A simpler predictive tool,
borrowed from organic synthesis, consists of building linear

free energy relationships,37 simultaneously treating broadly
different classes of compounds to highlight relevant
descriptors, while facilitating the identification of deviations
from expected trends.
An enhanced understanding of the catalysts’ selectivity can

help one define strategies to suppress the formation of
organocupric intermediates. External stimuli, such as light
irradiation, currently employed to trigger polymerizations by
homolytically cleaving selected chemical bonds28a can plausibly
be directed toward R−Cu bond cleavage. On the other hand,
some side reactions may be exploited to facilitate the synthesis
of polymers with a complex macromolecular architecture.
Indeed, the use of conditions that promoted CRT over RT
enabled high conversion to be reached in the preparation of
molecular bottlebrushes with densely grafted acrylate side
chains via a grafting from approach,103 since CRT provided
saturated dead chains,52b preventing gelation caused by RT.
In addition, catalyst design should focus on easily removable

and recyclable compounds to decrease the cost and improve
the sustainability of ATRP. Heterogeneous catalysts may be
suitable for this purpose;91b however, alone, they typically have
reduced mobility, resulting in less efficient deactivation.12b

Alternatively, catalysts can be removed by electrodeposition54a

or using suitable quenching agents104 to simultaneously halt
the polymerization and precipitate the catalyst.

6.2. Fe-Catalyzed ATRP. The relatively low cost and
biocompatibility of several robust Fe complexes (e.g., Fe
porphyrins or simple Fe halides)105 makes Fe-catalyzed ATRP
a greener alternative to traditional ATRP with Cu catalysts.106

In Fe-catalyzed ATRP, FeII species activate alkyl halide
initiators or dormant chains, whereas halogenated FeIII species
deactivate propagating radicals. Fe-catalyzed ATRP has seen
much narrower adoption and mechanistic scrutiny than Cu-
catalyzed ATRP. This might be attributed to the enhanced
contribution of side reactions, including the formation of
organometallic intermediates involved in OMRP and CRT and
catalytic chain transfer,107 as well as to significant kinetic
differences between Cu- and Fe-based processes. For example,
anionic Cu complexes are poor ATRP catalysts, whereas
anionic Fe halide species provide well-controlled ATRP even at
low catalyst loadings under mild conditions.105b,108 Correla-
tions between thermodynamic or structural properties of Fe

Scheme 8. Strategies toward Activator Regeneration in
ATRP by Combining Ultrasound and Piezoelectric
Materials or Carbonate Salts

Scheme 9. Outlook on Future Developments and
Implementations of ATRP
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complexes and their ATRP activity are scarce. Fe-catalyzed
ATRP can have a critical role in the sustainable production of
functional polymers, and therefore, in-depth mechanistic
investigations are needed to guide the design of novel Fe
catalysts toward more effective and versatile polymerizations.
6.3. Unlocking Challenging Substrates and New

Reactivities. One of the biggest challenges in ATRP is to
broaden the scope of monomers and functionalities, including
less activated monomers (e.g., VAc, vinyl chloride,109 and even
olefins110) and poorly reactive chain ends (e.g., -F, -N3,
isocyanate). The design of catalysts with >109 orders of
magnitude higher KATRP than seminal ATRP catalysts could
further expand the substrate scope.40 On the other hand,
relatively poor ATRP catalysts such as Cu halide salts may be
suitable to regulate the propagation of highly reactive
monomers (e.g., cyanoacrylates and methylene malonates).
Moreover, some Cu catalysts can efficiently activate
pseudohalide chain ends (e.g., dithiocarbamates); however,
their reactivity does not follow the typical trends observed for
alkyl halides.111 A better understanding of their reactivity can
provide ways to synergistically combine ATRP and RAFT
polymerization toward more versatile systems. Dual catalytic
systems often overcome the limitations of traditional
catalysts.88e Dual systems can comprise dual polymerization
mechanisms, dual catalysts, or dual stimuli. The latter can
result in orthogonal reactions but also in synergistic effects. For
example, in organic synthesis, the merger of photochemistry
and electrochemistry unlocks previously unreachable reactiv-
ities.112 Thus, dual systems may represent a new opportunity
for expanding the scope of ATRP.
6.4. Scalable and Innovative ATRP Procedures. ATRP

is an industrially relevant technique that is already used by
several companies to produce specialty polymer products.2b,113

Electrochemical ATRP can be scaled using reactor walls as
electrodes64 and electricity from renewable sources. On the
other hand, polymerizations at very small scales, such as on
screen printed electrodes,63 are very important for biomacro-
molecules and biosensors. Electrode arrays and 96-well plates
can be used for high-throughput polymerizations and screen-
ing, particularly for the development of bioconjugates and
materials for bioapplications, by combining externally con-
trolled ATRP and oxygen tolerant conditions.
6.5. Green Polymers and Advanced Materials. ATRP

can be crucial in the mandatory ecological transition toward a
circular plastic economy.106,113a Besides the development of
greener polymerization systems, more efforts must be directed
toward the preparation of degradable and recyclable polymers
via ATRP. Therefore, it is critical to study the reactivity and
eventual side reactions of various bioderived monomers and of
degradable functionalities or dynamic bonds. The activation/
deactivation cycle that forms the core of ATRP can also be the
foundation of catalytic and controlled depolymerization
processes.114 The in-depth knowledge of the ATRP mecha-
nism can serve as a basis to develop depolymerization systems
that enable high-yield monomer recovery under scalable
conditions.
Finally, the development of new catalysts and systems to

trigger ATRP under mild, nontoxic conditions, coupled with
the continuous study of polymerization mechanisms, offers the
opportunity to design polymer- and inorganic/polymer-hybrid
materials with precisely controlled features for a broad variety
of applications.115 These includes super soft materials,116

bioconjugates and polymeric carriers for drug delivery,117 and

functionalized surfaces with lubricious, antimicrobial, or
antifouling properties.118

As researchers continuously address these challenges and
exploit these opportunities, ATRP will continue to be a
valuable strategy for the synthesis of functional polymer
materials for advanced technological applications. Moreover,
atom transfer radical reactions for small-molecule trans-
formations can also benefit from present and future advances
in ATRP.
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