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This chapter highlights the current advancements in
reversible-deactivation radical polymerization (RDRP) with
a specific focus on atom transfer radical polymerization
(ATRP). The chapter begins with highlighting the termination
pathways for acrylates radicals that were recently explored
via RDRP techniques. This led to a better understanding of
the catalytic radical termination (CRT) in ATRP for acrylate
radicals. The designed new ligands for ATRP also enabled the
suppression of CRT and increased chain end functionality. In
addition, further mechanistic understandings of SARA-ATRP
with Cu0 activation and comproportionation were studied
using model reactions with different ligands and alkyl halide
initiators. Another focus of RDRP in recent years has been
on systems that are regulated by external stimuli such as light,
electricity, mechanical forces and chemical redox reactions.
Recent advancements made in RDRP in the field of complex
polymeric architectures, organic-inorganic hybrid materials and
bioconjugates have also been summarized.

Introduction

The overarching goal of this chapter is to provide an overall summary of the
recent achievements in reversible-deactivation radical polymerization (RDRP),
primarily in atom transfer radical polymerization (ATRP), and also in reversible
addition-fragmentation chain transfer (RAFT) polymerization, telluriummediated
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polymerization (TERP), iodine mediated polymerization (IMP), and nitroxide
mediated polymerization (NMP). Of these techniques, progress in ATRP will
be covered in more depth, since subsequent chapters in this book will provide
more insights into the development of the other RDRP techniques especially
RAFT polymerization. Due to the large volume of literature generated over the
years, the discussion on the progress of these techniques will be focused on
recent literature spanning from 2013 to 2017, since the last ACS Meeting on
Controlled Radical Polymerization (1, 2). Nevertheless, readers are directed to
several excellent reviews for in-depth discussions on the different areas explored
(3–7). Initial sections will explore the recent discoveries in catalytic radical
termination (CRT) in ATRP, design of a novel ligand that reduces CRT, and
insights into ATRP in the presence of Cu0. In addition, as polymer chemists aim
to design complex macromolecules similar to protein and DNA found in nature,
achieving spatial, temporal, sequence and stereochemical regulations during
polymer synthesis has recently become the central theme of RDRP. This book
chapter will highlight the recent literature on photochemical, electrochemical,
and mechanochemical means of achieving these goals. These achievements in
externally regulated polymer synthesis are translated into advancing the synthesis
of complex polymeric architectures, hybrid materials (polymer brushes), and
bioconjugates. The advancements in these areas will also be highlighted.

Advancements in ATRP
Mechanism of Catalytic Radical Termination (CRT) in ATRP

In the discussion of novel mechanisms and initiation pathways, it is
paramount to highlight the fundamental importance of understanding the
mechanism of radical termination. Dispersity, which is a measure of polymer
molecular weight distribution, relies on monomer conversion, number of
monomer addition per activation/deactivation cycle, and amount of dead chains.
As current literature often neglects the termination factor in calculation of
dispersity for ATRP, a new dispersity expression by blending dormant and dead
chain populations was recently derived (8). Bimolecular radical termination relies
on two pathways – disproportionation and combination. In disproportionation,
two chains, one with saturated chain end and the with unsaturated chain end,
are formed. In combination, a single chain is made through C-C coupling (9).
The pathway of chain termination in radical polymerization relies on the nature
of the radical species involved. Styrene and acrylonitrile propagating radicals
undergo chain termination primarily through combination while methacrylate
radicals terminate by both disproportionation and combination (10). Different
methods to study selectivity of radical termination have been proposed but these
methods were unable to provide definitive conclusions. For instance, the ratios
of disproportionation to combination for polymerizations of methyl methacrylate
(MMA) and styrene (St) vary between reports despite identical polymerization
conditions (11). A new method to study radical termination with TERP was
proposed. The use of TERP allowed for activation of organotellurium dormant
species by photoirradiation to generate polymer-end radical. This method was
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used to estimate ratio of disproportionation to combination for poly(methyl
methacrylate) and polystyrene radicals that approximately agreed with previous
reports (11). In comparison to the well understood termination of PSt and
PMMA radicals, termination of acrylate radicals was a subject of intense debate.
A recent report claimed that acrylate radicals generated from organotellurium
polymerizations are terminated primarily (99%) through disproportionation at
room temperature (12). Ab initio molecular dynamics computations suggested
that the polyacrylate radicals can be terminated through a direct disproportionation
reaction as well as a new stepwise process involving initial formation of C-O
coupling product followed by intramolecular rearrangement. In a subsequent
study, an avenue to control the ratio of disproportionation to combination for
termination of MMA and St radicals using TERP was suggested by changing
reaction temperature and viscosity (13). Disproportionation was proposed to be
favored over combination at lower temperature and higher viscosity. The observed
viscosity effect in the selection of mode of termination was reasoned with an
“advanced collision model”, a derivative of the collision model proposed by
Fischer (14). The proposed model suggested that combination was more viscosity
sensitive than disproportionation, and therefore, an increase in viscosity should
result in a more significant retardation of the rate constant for combination than
of that observed for disproportionation (13). However, a subsequent investigation
revealed that alkyl radicals generated through the decomposition of diazo initiator
dimethyl 2,2′-azobis(isobutyrate) (V-601), which directly generate methacrylate
radicals, yielded similar Disp/Comb ratios in a large range of temperatures
and viscosities (15). The discrepancies with the previously discussed results
were explained by the role of alkyl tellurium radical acting as a catalyst for
disproportionation. In a typical V-601 promoted termination, bimolecular chain
coupling took place within the solvent cage or outside the solvent cage. In
the case of TERP mediated polymerization, cage escape was needed to enable
bimolecular termination as possible side reaction that involved β-H abstraction
from the carbon-based radical by tellanyl radicals took place within the solvent
cage. They formed alkene and Te-H species which generated saturated chain ends
in a fast reaction with macroradicals.

Metals such as iron have been successfully implemented in both
organometallic-mediated radical polymerization (OMRP) and ATRP (16–18),
but copper complexes which are widely used in ATRP have not been adapted
for OMRP despite the proven existence of copper (II) organometallic complexes
(19). Nevertheless, attempts have been made to characterize these organometallic
intermediates. For instance, EPR measurements were carried out to characterize
copper (II) species generated in CRT. By following the reaction of [CuI]+ formed
in the presence of poly(butyl acrylate) radicals by EPR, a new signal distinct
from [CuII(TPMA)Br]+ complex was observed (20). Organometallic complexes
generated in ATRP were also investigated by electrochemical reduction and
UV-Vis. These findings revealed that radicals generated from bromoacetonitrile
and chloroacetonitrile (to a lesser extent ethyl α-bromoisobutyrate), react with
[CuI(TPMA)]+ and [CuI(Me6tren)]+ in dimethylsulfoxide (DMSO) and acetonitrile
(ACN) to form cupric complexes with alkyl moiety in the axial coordination site
(19).
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As ATRP systems contain highly active copper catalysts, additional side
reactions where acrylate radicals can react with L/CuI to reversibly generate a
complex (L/CuII-polyacrylate. These species can then undergo catalytic radical
termination (CRT) which is proposed as the primary mode of termination of
acrylate radicals in ATRP (21). The CRT process often results in termination of
acrylates to form disproportionation-like products in a tris(2-pyridylmethyl)amine
(TPMA)-copper catalyzed ATRP (22). Thus, a study to better understand the
bimolecular termination and CRT in ATRP was designed. Poly(methyl acrylate)
terminated with bromine end group was activated with copper(I) complexes
with tris[2-(dimethylamino)ethyl]amine (Me6TREN), tris(2-pyridylmethyl)amine
(TPMA) or tris-(3,5-dimethyl-4-methoxy-2-pyridylmethyl)amine (TPMA*3)
in the absence of monomer (23). Under conditions kinetically promoting
bimolecular termination, size exclusion chromatography (SEC) revealed a
polymer product with double molecular weight relative to macroinitiator
distribution indicating a termination pathway via radical combination. Likewise,
conditions kinetically promoting CRT resulted in no shifting in macroinitiator
distribution in SEC, suggesting products resembling disproportionation of
polymer chains. PREDICI simulations for TPMA mediated termination reactions
highlighted the importance of midchain radical generated from acrylate radical
backbiting in the termination profile. Majority of the terminated chains originated
from CRT and cross-termination between secondary and tertiary midchain
radicals (Scheme 1). Further studies into the mechanistic pathways of acrylate
termination will be discussed in another chapter.

Scheme 1. Proposed mechanistic pathways for acrylate radical termination
in ATRP.

Design of New Ligands for ATRP

The recent exploitation of reducing agents in ATRP significantly decreased
the amount of copper complexes needed for polymerization (24). In order to
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further reduce the amount of copper complexes in polymerizations, significant
efforts were placed towards development of more active catalysts by fine tuning
the ligand structure to tailor electronic properties of copper(I) center. To achieve
this goal, electron-donating groups were systematically incorporated to highly
active ATRP ligands to further increase the reactivity copper(I) complex. For
instance, a series of novel Cu (I and II) complexes with TPMA-based ligands
containing 4-methoxy-3,5-dimethylsubstituted pyridine arms were reported (25).
Cyclic voltammetry measurements revealed that by increasing substitution of
electron donating groups in the 4 (-OMe) and 3,5 (-Me) positions of the pyridine
rings in TPMA, the reactivity of the copper(I) complexes also increases due to
increased stabilization of copper(II) oxidation state (25). In addition, design of
new ligands allowed for better understanding of the CRT process. Polymerization
of n-butyl acrylate (BA) with azobis(isobutyronitrile) (AIBN) in the presence of
copper complexes with tridentate and tetradentate ligands showed higher rates of
CRT for more reducing copper complexes with higher ATRP activity. On the other
hand, ligand denticity had smaller effect on polymerization kinetics but affected
the rate determining step for CRT (26). Recently, tris[(4-dimethylaminiopyridyl)
methyl]amine (TPMANMe2) was reported as a novel ligand for ATRP. The
TPMANMe2 based copper catalyst was ~1 billion times more active than seminal
bipyridine-based catalyst, ~300 000 more active than TPMA, and ~30 000 more
active than Me6TREN. Polymerization of acrylates via ICAR and Ag0 ATRP
were well-controlled for catalyst loadings as low as 10 ppm relative to monomer.
The high values of activation rate constants of ATRP and low concentration of
TPMANMe2/CuI suppressed CRT and allowed for high-end functionality (27).

Progress in SARA-ATRP

Traditional ATRP systems often required the use of large amounts of copper
catalyst (>1000 ppm) to account for the conversion of CuI activator to CuII
deactivator due to termination reactions. However, by slow and continuous
reduction process, controlled polymerizations can be carried out using as
low as <10 ppm of copper complex. The build-up of CuII deactivator due
to unavoidable termination reactions can be reduced back to CuI activator.
One example of reducing agent that can be added is Cu0 which can acts
as both a supplemental activator (SA) of alkyl halides and reducing agent
(RA) for CuII, and therefore, aptly terming the process as SARA-ATRP
(28–31). A recent Cu0 mediated polymerization provided a set of universal
conditions to perform polymerization for acrylates, methacrylates and styrene
using commercially available and inexpensive reagents, such as PMDETA
(N,N,N′,N′′,N′′-pentamethyldiethylenetriamine), isopropanol and Cu0 wire (32).
Isopropanol is not a good solvent for some of the resulting polymers and
Cu complexes and a surprising accelerated kinetics at higher temperatures
could be associated with solubility changes of activators and deactivators at
variable temperatures. Although Cu0 is able to activate alkyl halide, majority
activation (99%) still takes place from highly active CuI catalysts (29, 30, 33,
34). In addition, comproportionation between Cu0 and CuII to generate CuI
is the dominant process in comparison to disproportionation of CuI in polar
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organic solvents such as DMSO and also kinetically dominant even in water
(29, 35–37). In a recent attempt, Cu0 activation and comproportionation was
studied using model reactions with three different ligands, including Me6TREN,
TPMA, and PMDETA, in the presence of three different alkyl halides, including
methyl 2-bromopropionate (MBrP), ethyl α-bromoisobutyrate (EBiB), and ethyl
α-bromophenylacetate (EBPA) using solvents such as ACN, dimethylformamide
(DMF) and DMSO (38). CuI/ligand with lower reduction potential linearly
increased ATRP activation rate coefficient (ka) in solution (25, 39). A similar
effect was seen in activation with less active ligands and alkyl halides by Cu0.
The chemical step involving atom transfer reaction was the rate determining
step, however, the surface activation with more active ligand reached the same
value for all active substrates. This is a typical behavior of heterogeneous
reactions where adsorption/desorption instead of chemical reaction become
the rate determining step. The activation rate achieved did not surpass the
comproportionation rate hinting that both reactions could have the same rate
determining step, the desorption of CuI from the surface of Cu0. This study was
expanded to understand the mechanism of alkyl halide activation at the surface by
carrying out model reactions with less active MBrP with activation rate limited
by surface atom transfer assisted by ligand, and very active EBPA with activation
rate limited by desorption and adsorption of CuI from surfaces, using Me6TREN
ligand in the DMSO and acetonitrile (40). At low reactant concentrations, first
order reaction was observed for both alkyl halide initiator and ligand, while high
reactant concentrations led to zero order reaction for both ligand and initiator.
The absence of ligand led to poor activation of EBPA with no activation for MBrP
while increasing the amount of ligand above certain concentration did not increase
the activation rate as it competed with alkyl halides for access to the Cu0 surface.
The surface area of Cu0 activation rate of the EBPA and MBrP followed the first
order kinetics where adsorption of these initiators onto Cu0 surface facilitated
carbon-bromine bond cleavage through the inner sphere electron transfer (ISET)
mechanism.

Photochemical, Electrochemical, and Mechanochemical
Regulation in RDRP

Photochemical ATRP

An important progress in RDRP has been achieved in polymer synthesis
mediated by external stimuli including applied current (41–55). Light (56–58),
mechanical force (59–62), and chemical redox triggers (63–66) to enable spatial,
temporal, and sequence control. Several reviews are available on these different
external stimuli techniques and interested readers are directed to these works (6,
57, 58, 67–73). This section highlights several external regulations in ATRP via
photochemical, electrochemical, and sonochemical means during the last few
years. This section also covers recent progress in photochemical IMP and TERP.
As external regulation for RAFT polymerization is covered in the following
chapters, it will not be highlighted here.
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Photomediated ATRP under visible LED lights (violet and blue) and sunlight
was initially performed in the presence of copper catalyst using ATRP initiators,
EBiB for acrylates and ethyl α-bromophenylacetate (EBPA) for methacrylates, and
TPMA, PMDETA, and tris((4-methoxy-3,5-dimethylpyridin-2-yl)-methyl) amine
ligands (74–77). This approach enabled temporal control over polymerization
where polymerization was promoted in the presence of light and suppressed in
the absence of light. Initial polymerizations of MMA and MA were carried out
in DMF while polymerization of oligo(ethylene glycol) methyl ether methacrylate
(OEGMA) was promoted in water with TPMA using 100 ppm of CuBr2. Further
optimizations for aqueous polymerization of OEGMA/TPMA/ CuBr2 system led
to reduction of copper loadings to as low as 20 ppm in the presence of sodium
bromide (78). Based on experimental and kinetic modelling, photo-ATRP was
proposed to take place through an ARGET-ATRP pathway where CuII complexes
were reduced by free amine ligands to generate CuI activator species and initiating
radicals (Scheme 2A) (79, 80). The oxidized amine radical cation could then
initiate new chains after proton transfer. Although interaction between alkyl halide
and amine ligand can generate radicals via photochemical ICAR-ATRP, this was
a minor pathway as it was one order magnitude slower than reduction of CuII by
electron donor through photo-ATRP.

Scheme 2. Proposed mechanism for copper mediated polymerization under
reductive quenching cycle (A) activated by electricity, light, sonication or
redox chemistry, and oxidative quenching cycle (B) activated by visible-light

irradiation.
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In another investigation, UV-mediated photo-ATRP was also performed with
excess aliphatic tertiary amine, Me6TREN, to initiate polymerization of acrylates,
methacrylates and styrene (81). Polymerization under UV irradiation in DMSO
led to high monomer conversions (92-97%) with low dispersities with a ratio of
[CuBr2]:[Me6TREN] of 1:6 (81, 82). A survey of various solvents including ionic
liquids (40, 41) and water (83) for polymerization of a wide range of hydrophilic,
hydrophobic and functional monomers was performed to demonstrate the
versatility of CuBr2/Me6TREN catalytic system (84). In addition, the range of
photocatalysts used to mediate polymerization was also expanded to copper(II)
formate-Me6TREN (85, 86) and copper gluconate (85, 87). The photo-ATRP
was studied using pulsed-laser polymerization (PLP) and electrospray-ionization
mass spectrometry (ESI-MS) for better mechanistic understandings (88). The
main pathway of initiation depended on the reaction of alkyl bromide to CuBr/L.
The ligand played an important as a reducing agent of CuBr2. The high extinction
coefficient of CuBr2/Me6TREN allowed the complex to enter the excited state
before being quenched by another Me6TREN to generate CuBr/Me6TREN and
cation radical Me6TREN in the dominant pathway.

In addition to using tertiary amine as reductive quenchers for photo-ATRP,
oxidative quenching pathways for activation of polymerization were also explored
(Scheme 2B). Thus, bis(1,10-phenanthroline)copper(I) (Cu(phen)2+) was excited
under visible light to enable reduction of EBPA initiator for polymerization MMA
which resulted in the formation propagating radical and CuBr2 (89, 90). The
copper (I) complex was regenerated upon deactivation of CuBr2 by a propagating
radical. Parallel to the reduction cycle for copper mediated photo-ATRP described
above, polymerization only took place in the presence of irradiation and was
completely suppressed in the absence of light. Similar oxidative cycles were
also implemented for photo-ATRP of acrylates and methacrylates using transition
metal photocatalysts such as fac-Ir(ppy)3 (91–95) and iron halides (96–103).
For instance, iron mediated photo-ATRP for polymerization of methacrylates
was demonstrated without the need for additional ligands, reducing agents,
and radical initiators (96). Polar solvent such as DMF and ACN directly
solubilized iron(III) bromide (FeBr3) without ligands. Polymerization of different
methacrylates, including MMA, ethyl methacrylate (EMA), benzyl methacrylate
(BzMA), n-butyl methacrylate (nBMA), trimethylsilyloxyethyl methacrylate
(TMSEMA), and furfuryl methacrylate (FMA) (96, 104), resulted in well-defined
homopolymers and block copolymers. Photolysis of FeBr3 generated FeBr2
and bromine radical under UV light with the latter reacting with MMA to form
2,3-dibromoisobutyrate initiator. The in situ generation of initiator under UV
light enabled the polymerization to proceed without the need for external addition
of initiator.

Metal-Free ATRP (o-ATRP)

In an effort to reduce residual metal in ATRP, a recent focus has been centered
on expanding metal free catalysis to promote polymerization under visible light
(105). The first example of metal free ATRP was introduced by Miyake where
excited state perylene reduced alkyl bromide to promote polymerization of
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methacrylates and styrene under visible light and sunlight irradiation (106). This
work was further expanded to include pyrene and anthracene to mediate metal
free photo-ATRP (107). Although these polynuclear hydrocarbons imposed
spatio-temporal control over polymerization, similar to photo-ATRP with copper,
iridium and iron complexes, these organic catalysts showed low initiation
efficiency with alkyl halides leading to limited control over molecular weight of
the synthesized polymer. Further improvements to metal-free ATRP was through
the implementation of 10-phenylphenothiazine (PTH) catalyst and variations to
this catalyst for polymerization of methacrylates (105) and acrylonitrile (108).
Moreover, the absorption of PTH primarily in the UV region was expanded into
the visible region, around 400 nm, with phenyl benzo[b]phenothiazine (109).
Optimization of organocatalysis for ATRP via computational modelling led to a
novel class of photocatalysts with 5,10-diphenyl-5,10-dihydrophenazine core that
could activate alkyl halide initiators via electron transfer under photoirradiation.
Photocatalysts with dihydrophenazine and N-aryl phenoxazine cores with various
electron donating, neutral and electron withdrawing functionalities were designed
based on computational modelling and tested experimentally to determine their
efficiency in promoting polymerization (110–114). Mechanistic investigations
revealed that phenoxazines and dihydrophenazines have a faster activation
and deactivation rate in comparison to phenothiazines as they maintain their
planar state with little reorganization in the triplet and radical cation states
(115). Nevertheless, a different activation mechanism was suggested based on
investigation of transient vibrational and electronic absorption spectroscopy
with sub-picosecond time resolution: electron transfer from short-lived
singlet excited state gave better control of molecular weight and dispersity by
suppressing the formation of excess radicals (75). Furthermore, visible light
photocatalysts such as xanthene dyes in the presence of reducing amines such as
fluorescein/trimethylamine (116), and fluorescein, Eosin Y (EY), and erythrosine
B (EB) with PMDETA (117) were also explored for polymerization of different
acrylates and methacrylates with photo-ATRP.

Electrochemical and Mechanochemical ATRP

The current advances in electrochemistry and mechanochemistry in ATRP
and in organic synthesis were reviewed (118–120). A unique advantage
of electrochemistry is that it can reduce activators to deactivators but also
efficiently oxidized activators to deactivators and halt polymerization. It can also
electrodeposit Cu on the electrode and recycle transition metals. eATRP solved
an important challenge in ATRP pertaining to polymerization of acidic monomers
(i.e. intramolecular cyclization reaction that leads to the loss of carbon-halogen
chain end functionality). Electrochemical ATRP (eATRP) was successfully
implemented in the synthesis of poly(methacrylic acid) (PMAA) by promoting
a fast polymerization with chlorine atom as the chain-end halogen under acidic
conditions (Scheme 3) (121). In addition, a fundamental understanding on the
mechanism of aqueous ATRP was possible through electrochemistry which
provided a guideline for performing ATRP in water (122).
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Scheme 3. Promoting fast polymerization of MAA in water with chlorine initiator
(A) via eATRP while suppressing intramolecular cyclization observed with bromo
initiator (B). Reproduced with permission from ref. (121). Copyright 2016,

American Chemical Society.

The use of piezoelectric barium titanate (BaTiO3) nanoparticles under
ultrasonic agitation was successfully implemented for water splitting (potential
-1.23 V) (123). The highly reducing nature of the nanoparticle was further
exploited to reduce Cu(II) catalyst mechanochemically under ultrasonic agitation
in the presence of barium titanate nanoparticles to generate Cu(I) which with
EBiB initiated ATRP of BA monomer to yield polymers with low dispersities
(124). Initial work with BaTiO3 required the use of high catalyst loadings (10
000 ppm with respect to monomer) leading to low molecular weight PBA (Mn
< 3000). Further expansion of mechano-ATRP was carried out with ultrasound
in the presence of low concentration copper catalysts (75 ppm, Cu/TPMA),
which enabled the synthesis of well-defined PMA (Scheme 4) (125). In this
investigation, various shapes (cubic or tetragonal) and sizes (50-100 nm) of
BaTiO3 nanoparticles under different catalytic loadings were tested to optimize
the reaction conditions. As barium titanate tend to aggregate and precipitate
in solution without ultrasound, it was stabilized through surface modification
with PMMA which enhanced the rate of polymerization. The concept of
mechano-induced electron transfer was further expanded to included zinc oxide
piezoelectric nanoparticles to enable well-defined polymerization of acrylates and
methacrylates (126).
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Scheme 4. Sonochemical ATRP mediated by piezoelectric barium titanate
(BaTiO3) nanoparticles by interfacial reduction of CuII/TPMA complex leading
to the formation of activator for ATRP. Reproduced with permission from ref.

(125). Copyright 2017, American Chemical Society.

Photochemical TERP and IMP

Photomediated TERP with initiating radicals generated from a dormant
organotellurium species by C-Te photolysis was reported (127). This report was
followed up by optimization of conditions for TERP polymerization under low
light intensity and mild temperature conditions with overall control of the progress
of polymerization (128). In depth understanding on the photophysical properties
of organotellurium compounds were later explored (2, 129). As tellurium
compounds have a broad absorption range with maximum absorption at 350 nm,
this led to the n(Te)-σ*(C-Te) transition upon irradiation and generated radicals
that initiated polymerization in the presence of monomer. The high quantum
yield of the C-Te bond homolysis led to initiation even under low light intensity.
As the process can be carried out under low temperature, back-biting reaction in
acrylate polymerization was essentially avoided. Benzoyl phenyltelluride was
later introduced as a highly reactive TERP reagent capable of initiating under
visible light irradiation (400-500 nm) for well-defined polymerization of acrylates
and acrylamides (130).

In the iodine transfer polymerization, a catalyst-free iodine mediated
polymerization was initiated under abroad range of visible wavelengths (460-720
nm) (131, 132). In solvents such as dimethylacetamide (DMAc), DMSO and
DMF, homolysis of carbon-iodine bond was promoted through coordination
with solvent molecules under irradiation. The generation of carbon radicals
through this method enabled the polymerization of methacrylates through
a reversible termination instead of degenerate chain transfer mechanism.
Photoinduced reversible complexation mediated polymerization (photo-RCMP)
was later developed allowing for photolysis of a dormant alkyl iodide in the
presence of tributylamine (TBA), enabling polymerization of methacrylates
(133). This system was then expanded to functional monomers with glycidol,
ethylene glycol or amino functional groups, such as 2-(dimethylamino)ethyl
methacrylate (DMAEMA), POEGMA and glycidyl methacrylate (GMA), for

11
 Matyjaszewski et al.; Reversible Deactivation Radical Polymerization: Mechanisms and Synthetic Methodologies 

ACS Symposium Series; American Chemical Society: Washington, DC, 2018. 



direct complexation with 2-cyanopropyl iodide (CPI) photoinitiator that led to
polymerization under blue light irradiation (134). Photo-RCMP also utilized
tertiary anilines as photo-organocatalysts that absorb in a wide range of visible
light wavelengths (135). These photocatalysts acted as energy antennas for
photon absorption with the light energy then transfer to alkyl iodide resulting in
photolysis of carbon-iodide bond. The generated radicals were successfully used
for polymerization of methacrylates.

Advancements in Polymers with Complex Architecture
Ultra-High Molecular Weight Polymers

RDRP techniques have enabled excellent control over the molecular
weights of different functional monomers, and therefore, providing an avenue
for synthesis of hyperbranched (136, 137), star (138, 139), brush (140,
141), and block copolymers (71, 142–144), while also providing narrow and
tunable (145, 146) molecular weight distributions. Nevertheless, achieving
ultra-high molecular weights (UHMW) in the range of 8 x 106 has only been
possible under high pressure (147–149) and heterogeneous conditions (150,
151). A novel approach to achieve UHMW polymers was explored with
polymerization N,N-dimethylacrylamide (DMA) in water using trithiocarbonate,
2-(2-carboxyethylsulfanylthiocarbonylsulfanyl)-2-methylpropionic acid, which
acted as a photoiniferter under UV irradiation (365 nm) (152). The high
propagation rate constant of DMA in water and the reversible termination with
photoiniferter at high solution viscosity due to UHMW of polymer chains were
key features permitting control. At UHMW, decrease in translational diffusion
was reduced due to high viscosity preventing radical termination. This approach
resulted in PDMA chains with MW excess of 8 million. UHMW synthesis was
also achieved under oxygen tolerant condition using enzyme-cascade catalysis
using pyranose oxidase (P2Ox) and horseradish peroxidase (HRP) where oxygen
molecules were initially reduced in the presence of glucose by P2Ox to generate
hydrogen peroxide (153). The hydrogen peroxide was then used by HRP in the
presence of acetyl acetonate (ACAC) to generate radicals that initiated RAFT
polymerization. Polymerization of DMA conducted with this approach resulted
in UHMW polymer with molecular weight of 2 × 106.

Multiblock Copolymers

One of the biggest challenges in chain growth polymerization techniques is
sequence control over addition of monomers units. Several techniques have been
developed for synthesis of multiblock copolymers with the aim of synthesizing
near-quantitative conversion for each block, avoiding purification steps, and
enabling narrow molecular weight distributions with high end-group functionality
(154–157). Introduction of multiblock sequence controlled polymerization
with RAFT led to the generation of icosablock DMA, 4-acryloylmorpholine
(NAM), N,N-diethylacrylamide (DEA) and N-isopropylacrylamide (NIPAM)
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copolymer in aqueous media (143, 155, 158–161). However, this system
became limited due to restriction of monomer selection to acrylamides with
polymerization carried out at high temperatures (~70 °C) which may not be
suitable for monomers with LCST such as NIPAM. Improving these deficiencies,
‘transition metal’ and ‘sulfur-free’ polymerization approach combined with
an emulsion biomimetic segregation strategy was envisioned for sequence
controlled synthesis of multiblock methacrylate copolymers which can be
easily scaled up (162). This strategy relied on a vinyl-terminated PMMA
macromonomer, synthesized through catalytic chain transfer polymerization
(CCTP), that played the role as a chain transfer agent for RAFT polymerization
of various methacrylate monomers. CCTP approach with low-spin d6 Co(II)
complexes (cobaloximes) led to abstraction of hydrogen from methacrylic radical
to yield Co(III)-H intermediate and a polymer terminated with vinyl group.
The generated vinyl-terminated PMMA macromonomers showed chain transfer
activity followed by fragmentation to generate macroradical that initiated a second
monomer. The compartmentalization provided by emulsion polymerization
accelerated polymerization while maintaining slow radical termination. This
approach was used for hydrophobic methacrylates such as BMA, BzMA, EHA,
and MMA which led to the successful synthesis of heneicosablock (21 blocks)
copolymer that exhibited relatively narrow molecular weight distribution. Initial
investigations on sulfur free RAFT polymerization, which relied on the use of
PMMA macromonomers, was later expanded by synthesizing macromonomers
composed of BMA, BzMA, and EHA that led to the successful synthesis of
sequence defined multiblock copolymers (163).

Multiblock synthesis in ATRP was initially carried out employing Cu(0)
which provided acrylic hexablock copolymer in high yields with each block
having at least two monomer units added (154, 164, 165). Upon targeting blocks
with higher degree of polymerization, an average of 100 monomer units per
block, triblock and quasi-pentablock copolymers was prepared. Nevertheless,
this approach becomes limiting as full monomer conversions cannot be achieved
(166). ATRP in the presence of Cu0 was later used to generate multiblock
glycopolymers with a monomer sequence control (167, 168) as well as multiblock
copolymers of acrylamides in less than 5 hours (169, 170). Photo-ATRP
enabled a novel route for exploring polymer composition and microstructure at
high monomer conversions with good end group fidelity (93, 157, 171–174).
UV mediated ATRP has enabled sequence controlled multiblock copolymers
(octablock, hexablock and pentablock copolymers) synthesized in a single pot
(157). A large number of acrylate monomers were suitable for the synthesis of
sequence defined multiblock copolymers including OEGMA, tert-butyl acrylate
(tBA), glycidyl acrylate (GA) and solketal acrylate (SA). For instance, under
optimized conditions these acrylates have been used to generate undecablock (11
blocks), tridecablock (13 blocks), and tricosablock (23 block) copolymers with
narrow molecular distribution with high monomer conversions achieved in each
iterative monomer addition steps (93, 175). A faster polymerization was also
achieved by synthesizing homopolymers and block copolymers in a short period
of time while maintaining high end group fidelity by adapting photo-ATRP into
milli-flow and micro-flow reactors (176).
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Sequence Defined Oligomers

In addition to high molecular weight multiblocks, the development of
photo-RAFT enabled the precise synthesis of dimers, trimers, as well as hexamers
(combination of two trimers) by using single monomer insertions reactions (177).
This approach relies on utilizing RAFT agents with high transfer constants, with
low propagation rate which ensures addition of only a single monomer unit. The
approach was later expanded to include RAFT photoiniferter polymerization with
thiolene and esterification reactions to generate discrete pentamers (178). By
using extensive acrylate monomer library, linear monodisperse 18- and 20-mer
acrylates were also obtained by disulfide coupling of two sequence-defined
acrylate 9- and 10-mers which were initially purified by column chromatography
(179). In addition, in situ generation of multiblock copolymers with ABCDE,
EDCBA and EDCBABCDE sequences composed of hydrophobic, hydrophilic
and fluorinated monomers was also made possible with photo-ATRP via
SUMI (172, 180). Further analysis with small-angle X-ray scattering (SAXS)
revealed that certain sequences fluorinated monomers enabled well-ordered
structures (180). As oligomers synthesized via radical polymerization are often
polydisperse in nature, a novel strategy to prepare discrete oligomeric library
with acrylates, styrenic, siloxanes as well as conjugated oligomers was developed
using automated flash chromatography (181, 182). This strategy allowed for
preparation of discrete oligomers with distributions close to unity which provided
an opportunity to study self-assembly of triplex helix stereocomplex of PMMA
oligomers (183) and also dispersity effects on the self-assembly of oligomer
composed of dimethylsiloxane-block-methyl methacrylate (184).

Postpolymerization Modification

Postpolymerization modification has advanced remarkably in recent decades,
allowing polymer chemists to employ organic chemistry for generation of
complex functional materials. Postpolymerization functionalization can be an
effective technique in generating a library of functional polymer from a single
parent precursor, and therefore, ensuring polymers with identical degree of
polymerization, stereochemistry, and molecular weight distributions. In addition,
postpolymerization functionalization also allows the attachment of functional
pendant groups to polymer backbones, especially if these functional groups are too
reactive to be incorporated in the initial polymer (185). Excellent reviews provide
comprehensive coverage of past and current postpolymerization techniques
(70, 185, 186). Several postpolymerization methods can serve as examples of
recent progress in this field. For instance, organocatalytic transesterification with
1,5,7-triazabicyclo[4.4.0]dec-5-ene provides a new route towards site-selective
acyl substitution on unhindered esters (187). Polyacrylates can undergo acyl
substitutions with nucleophilic alcohols and amines to provide novel functional
materials. In addition, a reaction of an alkyl iodide (R-I) with azide anion
(N3-) to reversibly generate the alkyl radical was also explored to yield well
defined polymers (polymer-I) through iodine mediated polymerization (Scheme
5) (188). This reaction was solvent selective where alkyl iodide and azide
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anion generated alkyl radical in nonpolar solvent while polar solvent generated
polymer terminated with an azide group. This unique solvent dependent property
of the polymerization was utilized to generate initial polymer terminated with
iodide in nonpolar solvent using N3- catalyst. Upon addition of polar solvent,
azide-functionalized polymer was generated. This approach was then extended to
postmodify iodide functionalized polymer brushes with azide functionality with
control over the coverage of this functionality.

Scheme 5. Solvent selective iodine mediated polymerization with alkyl iodide and
azide anion generating alkyl radical in nonpolar solvent while polar solvent led
to polymer terminated with an azide group. Adapted with permission from ref.

(188). Copyright 2017, American Chemical Society.

Polymeric Nanoparticles, Branched Architectures, and Gels

Novel chemistries have also been introduced for synthesis of polymeric
nanoparticle through polymerization induced self-assembly (PISA) as well as
branched architecture with both ATRP and RAFT methods. As several excellent
reviews and articles have been published on PISA, this area will not be covered
in this section and interested readers are referred to them (136, 189–195).
In terms of novel branched material synthesis, several synthetic discoveries
have been made via photo and thermal means. Exploration of porphyrins for
photoRAFT polymerization led to the discovery of pheophorbide a (PheoA)
photocatalyst that selectively activated dithiobenzoate and ZnTPP that selectively
activated trithiocarbonate. This discovery was used to synthesize one-pot,
two-step graft copolymer of (PMMA-r-BTPEMA)-g-PMMA by manipulation
of wavelengths to activate different photocatalysts at different instances (196,
197). In addition, limitation of additive manufacturing, where terminated
chains unable to further chain extend to introduce new functionalities, was also
solved with ATRP and RAFT. A novel approach called Photo-Redox Catalyzed
Growth (PRCG) where a “living” 3D parent gel was first grown via strain
promoted alkyne-azide cycloaddition (SPAAC) of 4-arm polyethylene glycol
(PEG) star polymer with dibenzocyclooctyne (Tetra-DBCO-PEG) and a bis-azide
TTC (bis-N3-TTC) in the presence of monomer, PTH photocatalyst, and/or
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crosslinker to form a network of homogenous polymers was introduced (198).
Photoactivation of PTH led to the expansion of the polymer network with the
generation of daughter network that can be chemically similar or differentiated
from the parent gel. Furthermore, the concept of Structurally Tailored and
Engineered Macromolecular gel (STEM gel) was introduced to overcome the
limitations of free radical additive manufacturing (199). The parent network was
initially designed via free radical copolymerization of different monomers, a
crosslinker, and a photo-active dormant initiator/monomer (inimer) based on the
radical photoinitiator 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959) with latent initiating sites for post-polymerization of secondary
network. The secondary network was then generated through infiltration of
monomers followed by activation under UV light resulting in materials spatially
differentiated mechanical properties (200). Reversible covalent chemistry was
also introduced to alter the topology of polymers, which often is an inalterable
post-synthetic feature (Scheme 6) (201). This approach, termed macromolecular
metamorphosis, allows for linear amphiphilic block copolymer or hyperbranched
polymers synthesized through ATRP to undergo metamorphosis to generate comb,
star, hydrophobic and block copolymer architectures. In addition, applying this
chemistry to macroscopic gel led to transition from densely covalent crosslinked
network to a network with large distances between covalent crosslinks. The core
chemistry of this approach relied on Diels-Alder [4+2] cycloaddition between
a diene and a dienophile where furan-maleimide and anthracene-maleimide
conjugations were explored. Most furan-maleimide functionalities are conjugated
at ambient-to-moderate temperatures, whereas the reverse reaction is favored
at higher temperatures. The conjugation between anthracene-maleimide is
often near-quantitative at elevated temperatures. Further DFT calculations also
revealed that the activation energy for furan-maleimide cycloreversion reaction
was comparable to the anthracene-maleimide cycloaddition. Consequently,
this allowed for anthracene-maleimide cycloaddition upon cleavage of
furan-maleimide adduct, and therefore, afforded metamorphosis of architecture.

Advances in Organic-Inorganic Hybrid Materials

Polymer brushes consist of polymer chains covalently bonded to a substrate
(inorganic surface or a polymer backbone). Current RDRP techniques enable
the growth of polymer brush architectures with uniform molecular weight and
narrow distributions from initiator sites bound to surfaces, and therefore, enabling
control over brush density and chain conformation (202). Polymer brushes find
applications in areas such as drug delivery (203) and antifouling surfaces (204).
Two important strategies are often employed for grafting of polymers from
surfaces which include “grafting to” (attachment of polymer chains to a substrate),
and “grafting from” (growing polymer chains from initiator sites on a substrate).
Several reviews summarized the recent advancements in this field (205–211). A
recent work employed a universal tetherable initiator structurally analogous to
fatty acid chains, 12-(2-bromoisobutyramido)dodecanoic acid (BiBADA), which
was used for surface initiated ATRP (SI-ATRP) polymerization from metal oxide
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nanoparticles (Scheme 7) (212). Nanoparticles such as sub-10 nm Fe3O4 as well
as aluminum foil were modified with BiBADA initiator to grow PMMA or PBA
brushes.

Scheme 6. Altering the topology of polymers through macromolecular
metamorphosis. Reproduced with permission from ref. (201). Copyright 2017,

Nature Publisher Ltd.

Scheme 7. Universal tetherable initiator structurally analogous to fatty acid
chains, 12-(2-bromoisobutyramido)dodecanoic acid (BiBADA) for surface
initiated ATRP (SI-ATRP) polymerization from metal oxide nanoparticles.
Reproduced with permission from ref. (212). Copyright 2017, American

Chemical Society.
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In addition, tethering of polymer chains with bimodal molecular weight
distributions has enabled the screening of particle core interactions that often
result in complexation and also the sparse high molecular weight chains
provide entanglement and enhanced mechanical properties (213, 214). SI-ATRP
is a versatile technique to generate monomodal grafting of PMMA using
photocatalysts such as PTH on silica surfaces (215). Moreover, SI-ATRP was
also used to promote bimodal graft modification where polystyrene-tethered
silica with a small fraction of high molecular weight chains increased mechanical
strength of particle films compared to densely tethered particle systems (216).
Silica particles tethered with polymers, composed of MMA, St and copolymers
of St and acrylonitrile, were used to study upper or lower critical solution
temperature (UCST/LCST)-type phase behavior in binary particle mixtures (217).
Upon heating and cooling, the polymer-tethered particle blends organized into
microdomain structures depending on the LCST or UCST of the particles. The
particle microdomains can also be tuned by varying the polymer composition and
thermal process conditions. In addition, the properties of polystyrene modified
silica nanoparticles in terms of deformation characteristics and processability of
particle assembly structures were studied by factoring in the particle size and
degree of polymerization of surface tethered chains (218). An increase in fracture
toughness was observed when the degree of polymerization exceeded a threshold
(transition of tethered chains from stretched-to-relaxed conformation), a value
that increases with particle size. In addition, increase in particle size resulted in
reduced toughness due to decrease in entanglement density with increasing space
in particle array structures.

A novel aqueous based approach for scalable synthesis of nitrogen-doped
porous carbons with high specific surface area and nitrogen content was applied to
both inorganic and all-organic templating (i.e. silica nanoparticles, nanocellulose
fillers or filter paper) (Scheme 8) (219). Zinc chloride (ZnCl2) was an important
component of the system as it solubilized polyacrylonitrile (PAN) and also acted
as volatile porogen during PAN pyrolysis. It also aided to form mesoporous
structures, and therefore, increased the specific surface area. The generated
materials portrayed excellent catalytic activity in oxygen reduction reaction via
the four-electron mechanism. Moreover, a novel approach was also explored to
synthesize anisotropic titania hybrid nanocomposites where linear and four-arm
molecular bottlebrushes composed of poly(acrylic acid)-block-polystyrene
(PAA-b-PSt) side chains were synthesized through “grafting-from” approach and
used as templates to prepare hybrid nanocomposites (220). This approach allowed
for structural features such as anisotropy and morphologies of the branches to
be transferred into hybrid nanocomposites. Despite having different PSt content
blocks, the length of PAA segments dictated the diameter of the worm-like micelle
that formed with titania nanoparticle. The boundary of the titania nanoparticle
was defined by the interface between the two blocks.
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Scheme 8. Synthesis of novel nitrogen-doped porous carbons with high specific
surface area and nitrogen content for inorganic and all-organic templating.
Reproduced with permission from ref. (219). Copyright 2017, American

Chemical Society.

Polydopamine layer which deposits on virtually any surface and substrate
was developed as a photoinitiating layer for free radical polymerization for a
variety of monomers including styrene, acrylates, acrylamides and methacrylates
(221). Mussel inspired chemistry was also utilized for surface modification of
carbon nanotubes (CNTs) through chain transfer free radical polymerization
using cysteamine hydrochloride as chain transfer agent and methacryloyloxyethyl
trimethylammonium chloride (MTC) as the monomer (222). The surface
modification with PMTC led to better dispersability of CNTs in aqueous and
organic solutions. This approach required no photoinitiator or photocatalyst and
enabled spatial control for patterning and generating gradient polymer brushes
by manipulating area of irradiation. This polydopamine was also employed for
surface modification of ordered mesoporous carbons (OMCs) which increased
the hydrophilicity and uranium binding by OMCs (223). The introduction of
α-bromoisobutyryl bromide (BiBB) initiator to the PDA-coated OMCs enabled
the growth of polymer brushes via ARGET-ATRP.

Electrochemical ATRP (eATRP) via bipolar electrochemical method was
employed for the fabrication of both gradient (224) and patterned polymer brushes
(52). A potential gradient generated from a bipolar electrode led to the formation
of concentration gradient of copper(I) from one electron reduction to generate
copper(II). Consequently, this resulted in the gradient growth of PNIPAM,
PMMA, poly(2-hydroxy ethyl methacrylate) (PHEMA), and poly(sodium
methacrylate) (PSM) brushes from substrate surface close to bipolar electrode.
Manipulation of electrolytic conditions enabled generation of 3D gradient shapes,
including circular pattern, with control over thickness, steepness, and modified
area.
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Advances in Bioconjugation
Several reviews highlighted protein-polymer, DNA-polymer bioconjugation,

and glycopolymer conjugates (69, 134, 225–229). In the field of protein-polymer
conjugates, a viable strategy to enable delivery of oral biomacromolecular
therapeutics was studied (Scheme 9) (230).

Scheme 9. Reducing toxicity of chemical permeation enhancer 1-phenylpiperazine
by colocalization of the enhancer with protein bovine serum albumin (BSA) using
ATRP. Reproduced with permission from ref. (230). Copyright 2017, Elsevier.

As current protein-polymer conjugates are limited by size for absorption
across intestinal epithelium, toxic chemical permeation enhancers need to be used
to improve macromolecular transport. However, as the toxicity of the enhancers,
such as 1-phenylpiperazine, comes from non-specific permeation in the intestine,
it can be reduced by colocalization of the enhancer with the protein drug. Thus,
phenylpiperazine acrylamide monomer was synthesized and chain extended with
ATRP from protein bovine serum albumin (BSA). An overall increase in BSA
permeability was observed at non-cytotoxic doses of phenylpiperazine.

Protein-Polymer Conjugation

Physicochemical interactions between polymer and protein and the impact
of this interaction on the overall stability and activity of the protein are poorly
understood. To fill this gap in the literature, polymer physicochemical properties
on the properties and stability of the chymotrypsin–polymer conjugates and
their degree of binding to intestinal mucin, bioactivity, and stability in stomach
acid were investigated by synthesizing cationic, zwitterionic, uncharged, and
anionic polymers using “grafting-from” ATRP (231). Enzyme activity increased
at pH 6-8 with cationic polymers while activity was reduced for uncharged and
anionic polymers. No change in chymotrypsin activity was seen for zwitterionic
polymers. Appropriate modification of chymotrypsin retained it activity also
in organic solvents (232). Cationic polymers also led to decreased structural
unfolding at lower pH unlike unfolding of proteins conjugated with uncharged
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and anionic polymers which were quick. The degree to which the polymers
interacted with protein surface determined whether the protein was stabilized or
inactivated due to removal of water (233).

Almost all Food andDrugAdministration (FDA)-approved protein conjugates
are covalently linked to poly(ethylene glycol) (PEG) (234). PEGylation of
drugs or proteins ensures a longer half-lifetime in the bloodstream, enabling
less frequent dosing for patients with branched PEG polymers conferring
additional stability and advantageous properties compared to linear PEGs (235).
Nevertheless, PEG was shown to cause hypersensitivity and immunological
responses, accumulation in tissues and rapid blood clearance upon repeated
exposure (234). The non-biodegradable nature of PEG leads to vacuoles in
organs such as the liver, kidney, and spleen with potential degradation under
light, heat and mechanical stress to toxic side products (234). Consequently, the
potential drawbacks of PEG led to the development of alternatives. For instance,
a recent work looked into the synthesis of a novel sulfoxide-based water soluble
polymer poly(2-(methylsulfinyl)ethyl acrylate) (PMSEA) using ARGET-ATRP
(236). Well defined linear polymers and star polymers via “arm-first” approach
or a “core-first” approach using a biodegradable β-cyclodextrin core were grown.
Interestingly, the linear and star polymer of PMSEA showed low toxicity to
human embryonic kidney cells (HEK 293) to concentrations up to 3 mg/mL.
The facile synthesis, water solubility, and low toxicity of PMSEA provide an
opportunity as a potential replacement for polymers such as PEG, POEGMA, and
polyoxazolines.

Scheme 10. Novel strategy for grafting polymer from protein surfaces using
metal-free RAFT polymerization. Reprinted with permission from ref. (237).

Copyright 2017, American Chemical Society.

In addition to novel monomer synthesis, innovations in the synthetic methods
to generate protein-polymer conjugates have also been pursued. For instance,
PET-RAFT polymerization catalyzed by metal-free EY and tertiary amine was
employed to graft polymers from protein under visible light irradiation (Scheme
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10). This approach enabled the generation of well-defined protein-polymer
conjugates as well as temporal control on the overall synthesis (237). In addition,
iron porphyrin derived from the active center of proteins such as horse radish
peroxidase and hemoglobin were successfully implemented for ATRP of MAA
which led to PMAA with molecular weights over 20 000 and low dispersities
(238). This discovery opens up opportunities to use biocompatible naturally
derived enzymatic catalysts for polymer-protein conjugation.

DNA-Polymer Conjugations

In terms of advancement in DNA-polymer conjugates, automated synthesis
of polymers with commercially available DNA/RNA synthesizer was used
for synthesis of homopolymers, block copolymers and DNA-polymer hybrids
(239). Photo-ATRP was employed to perform oxygen tolerant polymerizations
of acrylates and methacrylates. Next, grafting of polymers, such as hydrophilic
(POEGA) and hydrophobic (PMA), from DNA strand to realize DNA-polymer
hybrids was carried out. DNA oligonucleotide (SeqAA, 5’- ATC TGA GAC TCA
CTG-3’) was employed with a Cy3 dye conjugated to the 3’-end, as an indicator
of DNA integrity, and α-bromoisobutyrate (iBBr) initiator conjugated to 5’-end
of the DNA through phosphoramidite chemistry. Grafting of polymer chains was
then carried out with photo-ATRP.

In addition, as fluorescence detection of DNA often requires a strong signal
output at native expression levels, an increase in fluorescent labels are required.
However, this strategy often results in the crowding-induced self-quenching
of chromophores. This limitation was overcome by using DNA-polymer
macromolecular scaffold (Scheme 11) (240).

Scheme 11. Generation of bottlebrush polymers that extend hundreds of duplex
DNA strands that can accommodate hundreds of covalently attached and/or
thousands of noncovalently intercalated fluorescent dyes. Reproduced with
permission from ref. (240). Published under the ACS AuthorChoice license.

Copyright 2015, American Chemical Society.
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A bottlebrush polymer (BBP) consisting of poly[2-(2-
bromoisobutyryloxy)ethyl methacrylate] (PBiBEM) macroinitiator
with a degree of polymerization of 400 was used as the backbone.
Approximately 200 of the bromoisobutyrate side chains were initiated with
2-(2-(2-methoxyethoxy)-ethoxy)ethyl methacrylate monomeric units. The
bromine group of the side chains were then modified into azide functionality
to enable Cu(I) promoted azide-alkyne cycloaddition reaction DNA. The
polymer-DNA scaffold provided a dense scaffold for intercalation of fluorescent
dyes without dissociation, avoiding nonspecific fluorescence and the need for
covalent attachment of dyes. The DNA bristles also allow for attachment of
different terminal acceptor dyes at the end of DNA strands. DNA hybridization
was then used to attach a secondary antibody for targeting, and therefore,
generating a probe that was at least 10 times brighter than commercially available
quantum dots or Alexa fluor-tagged IgG antibodies under identical conditions.
This technology provides an opportunity for selective targeting of intracellular
compartments based on attached antibody and can be further developed into in
vitro detection assays.

Glycopolymer Conjugates

Glycopolymer conjugates, especially polymers modified with trehalose,
have improved external stability and the in vivo plasma half-life of a therapeutic
protein (241). In a model study with insulin, the addition of glycopolymer as
an excipient or covalent conjugation prevented thermal or agitation-induced
aggregation of insulin (242). Similar to PEG, insulin-trehalose glycopolymer
conjugate prolonged plasma circulation life time in mice and maintained
bioactivity at high temperature while causing no toxicity to mice at a loading
of at least 1.6 mg/kg dosage. Systematic investigation on the effect of the
point of linkage of trehalose to a polymer backbone was also carried out to
determine whether the differences between trehalose regioisomers affected
protein stabilization (243). Four trehalose regioisomers containing a vinylbenzyl
ether moiety at either the 2-O, 3-O, 4-O, or 6-O position were synthesized and
characterized. Insulin was used as the model protein to determine the ability
of regioisomers of trehalose to prevent agitation-induced aggregation. This
investigation revealed that there were no significant differences in terms of
stabilization for the different regioisomers. Consequently, it was proposed that
the clam shell conformation, bending of the anomeric position of trehalose
disaccharide leading to the two glucose ring coming into close proximity,
taken up the trehalose may be more important than the regiochemistry of the
vinyl benzyl ether. Interestingly, a trehalose block copolycation consisting
of 6-methacrylamido-6-deoxy trehalose-co-N(2-aminoethyl) methacrylamide
(pMAT-b-AEMA) was an effective polyplex with short interfering RNA (siRNA)
(244) for gene knockdown in cultured glioblastoma (U87), and pT2/CaL plasmid
DNA (pDNA) (245) for gene delivery in U87 and human liver carcinoma (HepG2)
cell lines. In both cases high stability and minimum toxicity were reported for the
polyplexes.
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Grafting Polymer from Living Cells

A recent development in the field of bioconjugation is direct polymer
grafting from surface of living cells (246). The first example of direct polymer
grafting from living cells was carried out with yeast cells with surface-initiated
ARGET-ATRP (247). In this approach, a dopamine-based ATRP initiator
was synthesized to enable uniform polydopamine coating on cell surfaces.
The radical scavenging properties of polydopamine protected the yeast cells
from radical attack. ARGET-ATRP was then employed with ascorbic acid as
reducing agent to graft SM polymer from the surface of yeast cells primed
with ATRP initiator. The polymer grafted yeast cells showed high cell viability
(~82 %) with uniform polymer grafting proved through agglutination assay
and cell-division studies. Baker’s yeast (saccharomyces cerevisiae) was also
modified by coupling dibenzocyclooctyl (DBCO)-based activated ester with cell
surface amino groups followed by performing a strain-promoted cycloaddition
reaction with an azide functionalized trithiocarbonate. As the cycloaddition did
not affect cell viability, copolymerization of PEG and ω-azido PEG acrylamide
was carried out with EY under blue light irradiation. Fluorescent measurements
carried out upon conjugation of Alexa Fluor 647 DIBO showed presence of
polymer at the periphery of cell surface with no disruption to the cell metabolism
and proliferation. Surface modification of live mammalian cells was carried
out by insertion of a lipid mimic RAFT agent instead of direct attachment to
cell surface to improve cell viability. In addition to cell surface modification
with RAFT agents, a simple and facile “grafting to” of functional moieties by
thiol-maleimide conjugation after mild reduction of disulfides in cell surface
proteins with tris(2-carboxyethyl)phosphine was demonstrated (Scheme 12)
(248). This approach was successfully implemented in a variety of cells including
HeLa, Jurkat T, C2C12, Neuro-2a (N2A), human mesenchymal stem cells
(hMSC), and human induced neural stem cells (hiNSC) without any disruption
to cell functions. Through this approach coating of fluorescent dyes, biopolymer
(chondroitin sulfate and PEG), and fluorescent labelled mesoporous silica
nanoparticle (MSN) were successfully coated onto HeLa cell surfaces. HeLa
cells surface with MSN loaded with rhodamine and coated with PEG showed
enhanced luminescence activity when subcutaneously injected to mice with
normal immunity. This approach can be readily translated for use in cells
such as cancer immunotherapy and hematopoietic stem cell transplantation.
In addition to cell surface modifications, yeast cells also accommodated the
growth of polymeric nanoparticles within their extracellular matrix (249). Free
radical polymerization of styrene within yeast cells generated pomegranate-like
polystyrene nanoparticles which were selectively taken up by macrophage cells.
The yeast cell filled with polystyrene nanoparticle acted as a Trojan particle
capable of releasing its cargo in a circumstance. The ability to grow polymeric
nanoparticles within yeast cells helped to overcome the permeability restriction
for diffusion of nanoparticles into the yeast cells, and therefore, provided a novel
avenue for nanoparticle delivery.
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Scheme 12. Living cell surface grafting via thiol-maleimide conjugation after
mild reduction of disulfides on cell surface proteins. Reproduced with permission

from ref. (248). Copyright 2018, American Chemical Society.

Other Advancements
In addition to the aforementioned progress in RDRP, this section will

highlight emerging methods that further improve current polymer synthesis as
well as ensure feasible scale up. For instance, miniemulsion polymerization with
eATRP hydrophilic complex, Br−CuIITPMA+, has led to a paradigm shift as the
ion pair (Br−CuIITPMA+/SDS−) formed with anionic surfactant, sodium dodecyl
sulfate (SDS), enabled the hydrophilic complex to move into the hydrophobic
PBA micelles and particles. The ion pairs are primarily situated at the surface
of monomer droplets (95% of the catalyst bound to monomer/water interface),
but they are able to migrate inside (1% of the catalyst) the droplets to enable
ATRP polymerization (250). This concept was then expanded to miniemulsion
via ARGET-ATRP with ascorbic acid reducing agent to enable polymerization of
BA and BMA using the same catalytic system (251). The use of ARGET ATRP
enabled miniemulsion polymerization with copper loading as low as 50 ppm
and leaving behind 300 ppb in the precipitated polymer. As the polymerization
portrayed excellent living characteristics, this approach was expanded for
preparation of polymers with complex architectures such as block copolymers,
star polymers, and molecular brushes. In terms of scale up of polymer synthesis
via photopolymerization, continuous flow reactors with efficient mass- and heat-
transfer and uniform irradiation for production of well-defined polymers for
RAFT (197, 252, 253) and ATRP (254) were designed. Another important aspect
of rapid scale up is the ability to quench oxygen molecules before and during the
course of polymerization to reduce premature termination of radicals (255). This
was achieved by rapidly converting inert triplet oxygenmolecule to singlet oxygen
which then react with singlet oxygen quenchers via PET-RAFT (256–258). In
addition, enzyme mediated oxygen quenching pathways were introduced for
ATRP and RAFT through the use of glucose oxidase which converted oxygen
into hydrogen peroxide by using glucose as a substrate (259, 260).

Conclusions
Recent achievements in mechanistic understandings, especially CRT in

ATRP, SARA-ATRP as well as ligand design was highlighted in this review.
In order to mimic biological complexity of nature in terms of macromolecular
synthesis, exploration of novel initiation mechanisms for different RDRP
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techniques was discussed. These novel mechanisms allowed for spatial, temporal,
sequence and stereochemical control over polymer synthesis, and therefore, led
to to new complex materials. The advancements in material synthesis in terms
of novel architectures, polymer brushes, bioconjugates as well as the general
synthetic steps in making them were highlighted.

Abbreviations

AA acrylic acid
AIBN azobis(isobutyronitrile)
ATRP atom transfer radical polymerization
BA n-butyl acrylate
BaTiO3 barium titanate
BBP bottle brush polymer
BiBADA 12-(2-bromoisobutyramido)dodecanoic acid
BiBB α-bromoisobutyryl bromide
BiBEM 2-(2-bromoisobutyryloxy)ethyl methacrylate
BMA n-butyl methacrylate
BSA bovine serum albumin
BzMA benzyl methacrylate
CCTP catalytic chain transfer polymerization
CNT carbon nanotube
CPI 2-cyanopropyl iodide
CRT catalytic radical termination
Cu(phen)2+ bis(1,10-phenanthroline)copper(I)
DEA N,N-diethylacrylamide
DMA N,N-dimethylacrylamide
DMAc dimethylacetamide
DMAEMA 2-(dimethylamino)ethyl methacrylate
DMF dimethylformamide
DMSO dimethylsulfoxide
EB erythrosine B
EBiB ethyl α-bromoisobutyrate
EBPA ethyl α-bromophenylacetate
EMA ethyl methacrylate
ESI-MS electrospray-ionization mass spectrometry
EY Eosin Y
fac-Ir(ppy)3 Tris[2-phenylpyridinato-C2,N]iridium(III)
FMA furfuryl methacrylate
GA glycidyl acrylate
GMA glycidyl methacrylate
Gox glucose oxidase
HEMA (2-hydroxy ethyl methacrylate
iBBr α-bromoisobutyrate
IMP iodine mediated polymerization
Irgacure 2959 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone
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ISET inner sphere electron transfer
ka activation rate coefficient
MA methyl acrylate
MAA methacrylic acid
MBrP methyl 2-bromopropionate
Me6TREN tris[2-(dimethylamino)ethyl]amine
MMA methyl methacrylate
MSEA 2-(methylsulfinyl)ethyl acrylate
MSN mesoporous silica nanoparticle
NAM 4-acryloylmorpholine
NIPAM N-isopropylacrylamide
OEGMA oligo(ethylene glycol) methyl ether methacrylate
OMC ordered mesoporous carbon
OMRP organometallic-mediated radical polymerization
P2Ox pyranose oxidase
PEG poly(ethylene glycol)
Photo-RCMP photoinduced reversible complexation mediated

polymerization
PISA polymerization induced self-assembly
PLP pulsed-laser polymerization
PMDETA N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
PRGC Photo-Redox Catalyzed Growth
PTH 10-phenylphenothiazine
RAFT reversible addition-fragmentation chain transfer

polymerization
RDRP reversible-deactivation radical polymerization
SA solketal acrylate
SEC size exclusion chromatography
SI-ATRP surface initiated ATRP
SM sodium methacrylate
St styrene
STEM Structurally Tailored and Engineered Macromolecular
TBA tributylamine
tBA tert-butyl acrylate
TERP tellurium mediated polymerization
TMSEMA trimethylsilyloxyethyl methacrylate
TPMA tris(2-pyridylmethyl)amine
TPMA*3 tris-(3,5-dimethyl-4-methoxy-2-pyridylmethyl)amine
TPMANMe2 tris[(4-dimethylaminiopyridyl)methyl]amine
UHMW ultra-high molecular weights
V601 dimethyl 2,2′-azobis(isobutyrate)
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