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Halogen bonding (XB) has been used to catalyze organic reactions and polymerizations, which is an
emerging research area. Reversible complexation mediated polymerization (RCMP) is an XB-catalyzed
living radical polymerization and is one of the most promising examples of the XB catalysis. RCMP utilizes
alkyl iodides as initiating dormant species and electro-donating molecules and ions such as amines,
iodide anions, and oxyanions as catalysts. Various initiating dormant species and catalysts were developed,
enabiling the synthesis of well-defined homopolymers and block copolymers with complex architectures,
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chain-end functionalization, photo-polymerization, and industrial application. The use of inexpensive
non-metallic catalysts and the accessibility to a wide range of polymer structures are attractive features of
RCMP. This mini-review summarizes the current research status of RCMP and its uniqueness brought via
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1. Introduction

Halogen bonding (XB) is a noncovalent bond between an elec-
tron-accepting halogen (X) and an electron-donating base (B)
(Fig. 1)." XB is a highly directional bond, and the R-X---B angle
is close to 180°. The strength of XB increases in the order of X
= F <« Cl < Br < I (with an increase in the polarizability of X)
and with an increase in the electron-withdrawing ability of
R. The B group can be electro-donating anions and neutral
species such as halide anions, chalcogen- and pnictogen-con-
taining species, and n-electron donors."* XB is widely utilized
in crystal engineering,”* supramolecular chemistry,”” and
functional materials such as luminescent crystals, porous
frameworks, and conductive organic materials® "> due to its
unique directionality, complementarity, and compatibility
with various environments.

The application of XB has encompassed the creation of
polymer materials. Similar to other non-covalent bonds, XB is
used as an efficient driving force to form liquid-crystalline
polymers, supramolecular gels, self-healing polymers, conju-
gated polymers, polymer nano-particles, phase separation
structures, and polymer functional surfaces.''™* Resnati et al.
reported a pioneering work on the preparation of liquid-crys-
talline comb-shaped polymers formed via the XB between poly
(4-vinylpyridine) and a,o-diiodoperfluoroalkanes in 2002."* XB
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was also used to form supramolecular polymers using pyridine
and iodopentafluorobenzene derivatives as molecular building
blocks."” Steed et al. reported XB-bridged supramolecular gels
using bis(pyridylurea) derivatives and 1,4-diiodotetrafluoro-
benzene.'® Some XB-bridged supramolecular gels were stable
in polar media such as aqueous methanol,'® exhibiting the
environmental compatibility of XB. Biomolecules bearing X
and B moieties were used as building blocks to generate bio-
medical gels."” These examples demonstrate the usefulness of
XB for the preparation of polymer materials.

XB was also used to form monomer (co)crystals. Polymers
were synthesized via solid phase polymerizations of the
monomer (co)crystals. Goroff et al. synthesized polyacetylenes
via 1,4-addition polymerizations of diiodo-1,3-diacetylene
(Fig. 2)."®'° The co-crystal of diiodo-1,3-diacetylene (monomer)
and bis(nitrile)oxalamide (XB linker) offered a high regularity
of the monomer distance appropriate for topochemical
polymerization (Fig. 2). Unlike the solution polymerization,
where both 1,2- and 1,4-additions occur to generate branched
irregular polymer structures, the topochemical polymerization
in the crystal lattices predominantly led to 1,4-addition and
afforded ordered polymer structures. Other examples of the

Halogen bonding
X=1,Br,C|,F

.
R R e :B B=N0OS BrCHet.
(Electron Acceptor) (Electron Donor) neutral anionic

Fig. 1 Halogen bonding.
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Fig. 2 (a) Structures of 1,4-diiodo-1,3-butadiyne (monomer) and bis(4-
cyanobutyl)oxalamide (XB linker). (b) X-ray structure of the co-crystal of
the monomer and XB linker. (c) X-ray structure of the co-crystal of the
obtained polymer (poly(diiododiacetylene)) and XB linker. Colours are as
follows. C: gray; H: white; O: red; N: blue; I: magenta. Adapted with per-
mission from ref. 18. Copyright 2006, American Association for the
Advancement of Science.

solid-phase polymerizations of XB-based monomer (co)crystals
are referred to excellent comprehensive reviews.?*>*

Recently, solution-phase catalysis induced by XB has
become an emerging area in organic synthesis.**>* XB
induces an elongation of the R-X bond or a polarization of B,
thereby catalysing organic reactions and polymerizations in
solution phases. In organic chemistry, XB was used to activate
less reactive substrates to achieve addition and cyclization reac-
tions, for example.”>*® On the other hand, only few examples
on XB-catalyzed polymerization have been reported.
Coulembier et al. reported an XB-catalyzed ring opening
polymerization (ROP) of i-lactide (Scheme 1a) in 2010, in
which iodine trichloride (catalyst) coordinates the monomer
via XB and induces the polymerization.?” Takagi et al. reported
an XB-mediated living cationic polymerization of isobutyl vinyl
ether (Scheme 1b) in 2017, in which 2-iodoimidazolium deriva-
tives (catalysts) coordinate the alkyl halide dormant species via
XB to generate a propagating carbon-centred cation.*®
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Scheme 1 XB-catalyzed (a) ring opening polymerization and (b) living
cationic polymerization.
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(a) General scheme in LRP
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Scheme 2 Reversible activation: (a) general scheme in LRP, (b) RTCP,
and (c) RCMP.

Living (or reversible-deactivation) radical polymerization
(LRP) is a powerful technique for synthesizing well-defined poly-
mers with narrow dispersities. Examples of the LRP systems are
nitroxide-mediated polymerization (NMP),>*® atom transfer
radical polymerization (ATRP),*** reversible addition-fragmen-
tation chain transfer (RAFT) polymerization,**** iodine-transfer
polymerization ~ (ITP),>>  organotellurium-mediated  radical
polymerization (TERP),*® and cobalt-mediated polymerization.®”
The basic concept of LRP is the reversible activation of a
dormant species (polymer-X) to a propagating radical
(polymer’) (Scheme 2a).*®

Our research group developed organocatalyzed LRP systems
using alkyl iodides as initiating dormant species and organic
molecules as catalysts, which are reversible chain transfer cata-
lyzed polymerization (RTCP) developed in 2006’ and revers-
ible complexation mediated polymerization (RCMP) developed
in 2011."° RTCP and RCMP are mechanistically different, as
described below, and RCMP uses XB catalysis. RCMP would be
a good example highlighting the power of XB in polymer
chemistry. In this mini-review, we summarize the recent devel-
opment and applications of RTCP and RCMP with a particular
focus on RCMP via XB catalysis. This mini-review refers par-
ticularly to our research for dedicating to the 2021 Polymer
Chemistry Pioneering Investigators issue.

2. Polymerizations and applications

2.1. Mechanisms, catalysts, and typical polymerization
behaviours of methyl methacrylate (MMA)

Both RTCP and RCMP use an alkyl iodide (R-I) as an initiating
dormant species and an organic molecule as a catalyst.
Mechanistically, RTCP uses a chain transfer between the
dormant species and catalyst (Scheme 2b). RCMP uses an XB
catalysis between the dormant species and catalyst
(Scheme 2c).

This journal is © The Royal Society of Chemistry 2020
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An RTCP system consists of an R-I dormant species, a de-
activator catalyst (A-I), and a conventional radical initiator
such as an azo compound (Scheme 2b).*° In RTCP, polymer’,
which is originally supplied by the conventional radical
initiator, reacts with A-I, generating an activator radical (A") as
well as polymer-iodide (polymer-I). Subsequently, A" reversibly
reacts with polymer-I to generate polymer’ and A-I. This
reversible chain transfer between the polymer and catalyst
results in a reversible activation of polymer-I. A" radicals are
germanium, phosphorus, nitrogen, oxygen, and carbon
centred radicals, and examples of A-I are Gel,, PI; and
N-iodosuccinimide.*®**

An RCMP system consists of an R-I dormant species and
an activator catalyst (Scheme 2c).*® Polymer-I and the catalyst
form an XB complex (polymer-I---catalyst), and the complex
subsequently reversibly generates polymer” and an I'---catalyst
complex. This reversible complexation mediates the polymeriz-
ation, and hence the polymerization is termed RCMP. In
organic chemistry, the reactions of alkyl halides (R-X) with
amine bases (B) to generate the alkyl radicals via XB catalysis
(R-X---B) have been well studied,*>™*® but the reactions were
irreversible in all cases. Our research group found the revers-
ible reactions using alkyl iodides, enabling the use of XB cata-
lysis to LRP. Since our first report in 2011, we have developed
several types of RCMP catalysts, including amines,*** iodide
anion (I7),°°* organic superbases,® pseudohalide anions,>®
pyridine N-oxides,>” and oxyanions®® (Fig. 3). The reactivity of
RCMP catalysts depends on their XB-forming ability, i.e., basi-
city or nucleophilicity, in principle. A representative catalyst is
I". I" is used in the form of salts such as tetrabutylammonium
iodide (BuyN'1") (BNI).>°

View Article Online
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Fig. 4 (circles) show an example of RCMP of methyl meth-
acrylate (MMA) (100 eq.) using iodo-2-methylpropionitrile
(CP-I (Fig. 5a)) (1 eq.) as an initiating R-T and BNI (1 eq.) as an
organic catalyst at 70 °C.”° The number-average molecular
weight (M,,) agreed with the theoretical value, and the disper-
sity (P) (= My/M,,) remained 1.1-1.2 throughout the polymeriz-
ation, where M,, is the weight-average molecular weight. The
M, value was able to increase to 30 000 ¢ mol™" (Fig. 4 (tri-
angles)) and up to 140000 g mol™" (ref. 50) with relatively
small D values (<1.5) for MMA.

The activation rate constant (k, (Scheme 2c)) of PMMA-I
with BNI was experimentally determined to be 0.050 M™*
in bulk MMA at 70 °C, where PMMA-I is poly(methyl meth-
acrylate)-iodide.” This values mean that, with 80 mM of BNI
(a typical catalyst concentration), PMMA-I is activated every
4 min, quantitatively confirming the high frequency of the
catalytic activation and explaining why this RCMP system can
provide low-dispersity polymers from an early stage of
polymerization. In the I catalyst system, polymer-I is activated
by I” (activator) to generate polymer” and I,”~ (deactivator). I,"~
is not a stable radical and recombines with another I,”~ to
generate I~ (activator) and I~ (working as a deactivator).>®

The free radical nature of the propagating species was sup-
ported by a radical trap experiment in low-mass model
systems.*? %78 For example (Fig. 6a), an alkyl iodide CP-I
(10 mM), an I catalyst (80 mM), and a radical trap 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO) (20 mM) were heated in
a solvent at 60 °C.>° If CP-I reacts with the catalyst to generate
an alkyl radical CP", CP" is trapped by TEMPO, thereby yielding
CP-TEMPO. Fig. 6a shows the '"H NMR spectra before and
after the heating. The signals (peaks a’, b’ and c') of CP-
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Fig. 3 Structures and abbreviations of RCMP catalysts.
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Fig. 4 Plots of (a) In([M]o/[M]) vs. t and (b) M,, and M,,/M,, vs. conversion for RCMP of MMA. [M] is the concentration of monomer. The symbol and
reaction conditions are indicated in the figure. V70 is 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile). Adapted with permission from ref. 50.

Copyright 2013, American Chemical Society.
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Fig. 5 Examples of R—I used in RCMP. (a) Mono-initiating alkyl iodides and the k, values with tributylmethylphosphonium iodide (BMPI) in the
toluene-dg/acetonitrile-ds (90/10) mixture at 70 °C. The arrows indicate the ranges of effective alkyl iodides in the polymerizations of MMA and BA.
(b) Multi-initiating alkyl iodides. (c) Functional alkyl iodide. Adapted with permission from ref. 60. Copyright 2014, American Chemical Society.

TEMPO was observed after the heating, proving the radical
generation from CP-I.

The free radical nature of the propagating species was also
confirmed from the tacticity of the polymer obtained in the
polymerization of MMA with triethylamine as a catalyst.*® The
BC NMR spectrum (Fig. 6b)*® showed that the pentad distri-
bution (for the carbonyl carbon) is virtually the same as that
for a conventional free radical polymerization. The polymeriz-
ation was also completely inhibited in the presence of a
radical trap TEMPO, supporting the radical mechanism during
the polymerization.*’

The XB complex (R-I---catalyst) formation was supported by
a UV-Vis measurement in a low-mass model system containing
CP-1 as an alkyl iodide and tributylamine (TBA) as a catalyst.*

5562 | Polym. Chem., 2020, 1, 5559-5571

Fig. 6¢ shows the absorption spectra of TBA (80 mM) only,
CP-1 (80 mM) only, and a mixture of CP-I (80 mM) and TBA
(80 mM) in bulk MMA. A new shoulder peak appeared for the
mixture of CP-I and TBA at approximately 400 nm and ranged
from 350 nm to 500 nm (solid line). The new peak would
correspond to an XB complex of CP-I and TBA. Such red-
shifted absorption was reported for complexes of alkyl chlor-
ides/bromides with amines.*

Various alkyl iodides were used as initiating R-I dormant
species (Fig. 5). Fig. 5a shows the k, values of R-I with an I~
catalyst systematically determined in a polar solvent at 70 °C.%°
The k, value tended to increase in the order of primary (E-I) <
secondary (EA-I) < tertiary (EMA-I) alkyl groups, increase in
the order of phenyl ~ ester (EMA-I) < cyano (CP-I) stabilizing

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) *H NMR spectra (in the range of 0.5-2.5 ppm) of the solution of CP—I (10 mM), ethylmethyl imidazolium iodide (80 mM), and TEMPO
(20 mM) heated at 60 °C for 0 and 15 h. The solvent was the mixture of toluene-dg and acetnitrile-ds (9 : 1). The mixture of toluene-ds (dielectric
constant ¢ = 2.4) and acetonitrile-ds (¢ = 37.5) is a model of MMA medium (e = 7.9). (b) **C NMR spectrum (in the range of 175.5-179 ppm) of the
polymer produced in the polymerization of MMA (100 eq.) with CP—I (1 eq.), triethylamine (0.5 eq.), and |, (1 eq.) at 90 °C for 3 h (monomer conver-
sion = 76%, M, = 7300, and D = 1.24). (c) UV-Vis spectra of TBA (80 mM) only (dotted line), CP—I (80 mM) only (dashed line), and a mixture of CP-I|
(80 mM) and TBA (80 mM) (solid line) in MMA (ambient temperature). Adapted with permission from ref. 40, 49, and 50. Copyright 2011 and 2013,

American Chemical Society.

substituents, and increase in the order of one (EMA-I) < two
(PhE-T) stabilizing substituents. Fig. 5a also depicts the range
of effective R-I for the MMA and butyl acrylate (BA) polymeriz-
ations at different temperatures. In principle, an efficient R-I
should have a sufficiently large k, value, and also the released
alkyl radical should be reactive enough for monomer addition.
PhCN-I (Fig. 5a) releases a too stable alkyl radical and is not
suitable for an initiating dormant species.

A possible drawback of RCMP is the use of R-I. Some alkyl
iodides are not very stable for long-term storage. To address
this issue, instead of an isolated R-I, an R-I generated in situ
in the polymerization was also used. Molecular iodine (I,) and
an azo compound (R-N=N-R) were used as starting com-
pounds, and for the polymerization, the R-I in situ formed was
used. The I,/azo method was originally developed by Lacroix-
Desmazes et al. for ITP (reverse ITP (RITP))*>**' and sub-
sequently used in RCMP.°>*! Fig. 4 (squares) shows the
polymerization of MMA (200 eq.) with I, (0.5 eq.), an azo com-
pound (2,2"-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70))
(0.75 eq.), and BNI (2 eq.) at 70 °C.*° Virtually no polymeriz-
ation occurred at 0.5 h, during which R-I was generated from
I, and V70. After this period, the polymerization proceeded in
a controlled manner. Another useful method to in situ generate
R-I was a halogen exchange from the bromide precursors
(R-Br) during the polymerization.®**°

2.2. Monomers and dispersity control

RCMP is amenable to a range of hydrophobic and hydrophilic
functional methacrylates and also acrylates, styrene, and acry-
lonitrile (Fig. 7). The M, value ranged from 10’ to 10°> g mol ™"
and up to 290000 g mol™* with relatively small P values
(<1.5).°%°” Recently, RCMP was successfully used for biomass-
derived itaconate derivatives (Fig. 7)°® and biocompatible
monomers (Fig. 7) such as 2-hydroxyethyl methacrylate

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Examples of the monomers applicable in RCMP.

(HEMA), poly(ethylene glycol) methyl ether methacrylate
(PEGMA), 2-methoxyethyl acrylate (MEA), poly(ethylene glycol)
methyl ether acrylate (PEGA), 2-methacryloyloxyethyl phos-
phoryl choline (MPC betaine monomer), and [2-(methacryl-
oyloxy)ethyl ]dimethyl-(3-sulfopropyl Jammonium hydroxide
(SBMA betaine monomer).”> Green RCMP systems of such bio-
compatible monomers using biocompatible catalysts such as
choline iodide analogues (AChI and BChI (Fig. 3)) and carboxy-
lates (NaFum and TMGL (Fig. 3)) and non-toxic solvents such
as ethyl lactate, ethanol, and water were also developed, being
attractive for sustainable society.’*”®

Hunter et al. reported that the stability of XB is relatively
insensitive to the solvent polarity.®® The association constant

Polym. Chem., 2020, 1, 5559-5571 | 5563
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of an I,/urea XB complex ([complex]/([I;][urea])) decreased by
only one order of magnitude by changing the solvent from
alkanes (n-octane) to alcohols (methanol), for example. The
solvent-insensitivity of XB is in sharp contrast to the signifi-
cant solvent-sensitivity of hydrogen bonding. The stability
(association constant) of a phenol/urea hydrogen bonding
complex decreased by as much as three orders of magnitude
by changing the solvent from n-octane to methanol. This weak
sensitivity of XB to reaction media would rationalize the amen-
ability of RCMP to a wide range of hydrophobic and hydro-
philic monomers and solvents.

Catalytic monomers containing a polymerizable methacry-
late or acrylate moiety and a catalytic quaternary ammonium
iodide (QAI) moiety were developed as a new type of mono-
mers.>® The catalytic function incorporated in the monomer
enabled a self-catalysed RCMP. Also interestingly, the obtained
polymers bore QAI moieties at the side chains and may be
used for antibacterial applications.

The dispersity (P) is an important parameter determining
polymer properties such mechanical strength, miscibility,
stimuli-responsive transition, and self-assemble behavior.”>”"
Thus, the modulation of the D value is an emerging interest in
polymer chemistry.”'”7® RCMP was also used to modulate the
D value exploiting a unique temperature-selective activation of
polymer-I (Fig. 8a).”” The RCMP of a methacrylate was con-
ducted in the presence of a small amount of an acrylate
(4-10%) at a mild temperature of 60 °C. At this mild tempera-
ture, the RCMP of the methacrylate smoothly proceeded, but
once the dormant polymer chain contained an acrylate at the
terminal unit, the chain was hardly activated because of its
strong carbon-iodide bond. Thus, the acrylate-terminal chain
accumulated over the polymerization, thus increasing the D
value (Fig. 8a). The D value was finely tuned by varying the
amount of the acrylate. Importantly, such an acrylate-terminal
dormant chain was not a dead polymer but was able to be re-

@ %09 oo
00° catalyst oo"%.
monomer A [
(methacrylate) o9 W
L8 o alkyliodide 0% %@
(acrylate) oc
(b) **%g %%, 0 00%, 0
2. B8 BZ

Ca 0 B e SIS
CoogeP ™ 0”0

A

Fig. 8 (a) One-pot synthesis of polymer with high dispersity and high
iodide chain-end fidelity. (b) Applications to various types of block co-
polymers. Adapted with permission from ref. 77. Copyright 2019, John
Wiley and Sons.

5564 | Polym. Chem., 2020, 11, 5559-5571

View Article Online

Polymer Chemistry

activated at an elevated temperature of 110 °C (Fig. 8b),
enabling the synthesis of di-block, multi-block, star-shaped,
and brush-shaped block copolymers with tailored D values.

2.3. Polymers with complex architectures

RCMP can yield polymer-I with high degrees of iodide-chain-
end fidelity (livingness) (92-99% with +5% experimental error)
up to relatively high monomer conversions (e.g., a 78%
monomer conversion).’® Such high iodide-chain-end fidelity
allows efficient block copolymerizations and chain-end modifi-
cations. RCMP was used to synthesize a range of di-block, tri-
block, and multi-block copolymers’®®® and polymers with
complex architectures such as star polymers®>’%%! and hyper-
branched copolymers.®**® Tri-block copolymers were syn-
thesized from alkyl di-iodides with two initiating moieties
(Fig. 5b).”® For example, PMMA-b-PBA-b-PMMA and PBA-b-
PMMA-b-BA with different (ABA and BAB) sequences were
obtained, where PBA is poly(butyl acrylate). 3-Arm star poly-
mers were synthesized from an alkyl tri-iodide (Fig. 5b).”®
Hyper-branched polymers were synthesized using an inimer
containing a polymerizable vinyl group and an alkyl iodide
moiety.®

A temperature-selective radical generation from a designed
alkyl di-iodide (I-R*>-R'-I) initiator, 2-iodo-2-(4'-(2"-iodopropio-
nyloxy)phenyl-acetate) (I-MEPE-I) (Fig. 9), opened up the syn-
thesis of asymmetric CABC tetra-block copolymers.”® The reac-
tivities of I-R* and R'-I were largely different; R'-I initiated at
a mild temperature (60 °C) and I-R* initiated only at an elev-
ated temperature (110 °C). Methacrylates A and B were poly-
merized from the R'-1 (PE-1) site at 60 °C, at which tempera-
ture the I-R®> (I-ME) site remained unreacted (Fig. 9).
Subsequently, an acrylate C was polymerized at 110 °C, at
which temperature the polymerization occurred from both

1l I

oo | YKM
L o

Can initiate at > 110 °C °\ Can initiate at > 60 °C
(I-MEPE-1 )

l Monomer A (mild temp)

[

A

l Monomer B  (mild temp)

%%, %0

AlIB

l Monomer C (high temp)

0P P00, P2 %000

C/AIBIC
Fig. 9 Temperature-selective initiation from |-MEPE—-I for the synthesis

of CABC tetra-block copolymer. Adapted with permission from ref. 79.
Copyright 2018, John Wiley and Sons.
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chain ends, yielding asymmetric CABC tetra-block copolymers
(Fig. 9). The temperature-selective radical generation was
further exploited for the synthesis of ABC-type miktoarm star
copolymers.®!

Polymer-I was used as a macroinitiator to synthesize di-
block copolymers. When polymer-I is a polymethacrylate-
iodide, owing to the weak carbon-iodide bond, polymer-I is
sometimes not very stable upon long-term storage. To address
this issue, a PMMA containing an unsaturated chain-end
(PMMA-Y) was used as a macroinitiator to synthesize block
copolymers, where Y is CH,C(=CH,)COOCH,.***> PMMA-Y
was converted to PMMA’ via an addition fragmentation chain
transfer (AFCT), and the generated PMMA’™ was used for the
block polymerization via RCMP, yielding block copolymers.
The use of PMMA-Y as a macroinitiator is a convenient
method to obtain block copolymers.

2.4. Chain-end functionalization

Chain-end functionalized polymers are of great interest for
their use as building blocks to create architecturally designed
polymers or to graft on solid surfaces for surface
modification.*>®” The use of functional R-1 initiators (Fig. 5c¢)
in RCMP provided polymers with functional groups at the
initiating chain end.”™® Another approach was the post
iodide-chain-end transformation of polymer-I, providing poly-
mers with functional groups at the growing chain end. The
weak carbon-iodide bond facilitated the chain-end
transformation.

For polyacrylates, polymer-I was reacted with primary
amines (NH,R), successfully generating polymers (polymer-
NHR) with, e.g., phenyl, alkyl, OH, NH,, SH, and Si(OEt); func-
tionalities at the R moiety.*® A photo-selective chain-end trans-
formation of polymer-I was conducted using bifunctional
cysteamine (NH,CH,CH,SH) (Fig. 10a).*° Without photo

(a)
0P %! s 0 0"
HZN:\,SH U\yk WH

- @ 00" I
W d“/V -nC.Hy
~(CH,),0H

HCOOHIRNHZ o 0%, o H ::gH*:gaESC'(OEt)J

C ? o
(c) "’NTR w,a-‘ — Bu
| y q 2 d 2 "N_\_R ~BuOH 2 N\ﬂ
0 0 Bu \Bu

n2
0

b Bu O\Bu }; i . HN~SH
n-
0 0 0 orHCOOH
Bu Bu Bu

Fig. 10 Photo-selective chain-end functionalization with (a) cystea-
mine and (b) primary amines and formic acid and (c) the mechanisms.
Adapted with permission from ref. 89 and 90. Copyright 2018 and 2019,
Royal Society of Chemistry.
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irradiation, the chain-end iodide reacted with the amino group
of cysteamine to generate a thiol-terminated polymer
(polymer-SH) (Fig. 10c). With UV irradiation, the carbon-
iodide bond was homolytically cleaved to give a carbon-centred
radical (polymer’), which subsequently underwent a radical
chain transfer with the thiol group of cysteamine to generate a
hydrogen-terminated polymer (polymer-H) (Fig. 10c). Thus, by
switching the UV irradiation on and off, polymer-H and
polymer-SH were selectively obtained from the same reactants
(polymer-I and cysteamine). Another photo-selective chain-
end transformation of polymer-1 was conducted co-using
NH,R and formic acid (Fig. 10b), which widened the scope of
the chain-end functionality.”® Without photo irradiation,
polymer-I reacted with NH,R to generate polymer-NHR with,
e.g., phenyl, alkyl, OH, NH,, SH, and Si(OEt); functionalities at
the R moiety, while with UV irradiation, polymer-I was con-
verted to polymer-H via a photochemical reaction with formic
acid (Fig. 10c).

Pseudo-halide anions such azide (N;7), thiocyanate (SCN™),
and cyanate (OCN™) anions form XB with polymer-I and are
good catalysts of RCMP. Interestingly, the reactions of
polymer-I with the pseudo-halide anions were solvent-selec-
tive.® In non-polar solvents, N;~ served as a catalyst for
polymer-I to reversibly generate polymer’. In polar solvents,
N;~ worked as a nucleophile for polymer-I to undergo a sub-
stitution reaction generating an azide chain-end functionalized
polymer-N;. Exploiting this solvent selectivity, one-pot syn-
thesis of azide chain-end PMMA (PMMA-N;) was conducted;
namely, the RCMP of MMA with sodium azide (NaN;) was con-
ducted in a non-polar solvent to generate PMMA-I, and sub-
sequently to the same reaction solution, a polar solvent was
added to convert PMMA-I to PMMA-N; in one-pot.

Tetrabutylammonium azide (BNNj;) was also used instead
of NaN,.°! Different from NaN;, BNNj; led to the substitution
even in non-polar solvents. This feature enabled the post-azi-
dation of fluorinated (super-hydrophobic) polymer-I in non-
polar solvents, which are otherwise insoluble in polar solvents.
Azide chain-end polymers are highly useful to construct
complex macromolecules through a click reaction.”?

2.5. Photo-polymerization

Photo-controlled LRPs have widely been explored.”*™*® Photo-
controlled ATRP and RAFT polymerization using organic cata-
lysts are emerging techniques attracting great attention.’” %2
Photo-controlled RCMP (photo-RCMP) uses an initiating R-I
and a light-absorbing organic catalyst.**'°®> A possible mecha-
nism (Fig. 11) is that the catalyst coordinates polymer-I to
form the polymer-I---catalyst complex and that the catalyst
serves as an antenna to absorb the light. The energy is sub-
sequently transferred from the catalyst to the C-I bond, giving
rise to the C-I cleavage. Notably, several organic molecules
with different absorption wavelengths were feasible, covering
the entire visible light region (350-750 nm) (Fig. 11).'°® The
polymerization was also an ideal on-off switchable system
with and without the light irradiation. An application was a
one-pot selective regulation of RCMP and another type of
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Fig. 11 Possible mechanism for photo-RCMP and photo-catalysts.
Adapted with permission from ref. 103. Copyright 2015, American
Chemical Society.

polymerization  (ring opening polymerization (ROP))
(Scheme 3). Using different irradiation wavelengths
(550-750 nm for RCMP and 350-380 nm for ROP), the poly-
merizations of MMA and &-valerolactone (VL) were initiated
and controlled from a dual initiator of RCMP and ROP in one-
pot, generating a block copolymer of MMA and VL.'%

Zhang, Cheng, and coworkers developed visible-light-con-
trolled RCMP systems. One system used polar solvents such as
dimethyl sulfoxide as catalysts to form the polymer-I---solvent
complex.'® Another system used amine-functional monomers
as catalytic monomers to form the polymer-I---monomer
complex."” Both systems were driven via visible-light
irradiation using LEDs or natural sunlight. Near-infrared
(NIR)-controlled RCMP was achieved using the polymer-I---
(carbonyl compound) complex.'® The high-penetration of the
NIR light enabled the successful polymerizations even through
thick barriers such as pork skin and A4 paper between the
light source and the polymerization solution. Water was also
used as a catalyst to form the polymer-I---water complex under
blue-LED irradiation.’®” Li et al. demonstrated the in situ
bromide-iodide transformation of the initiator and the sub-
sequent photo-RCMP, both of which were controlled by white-
LED irradiation.'® Matyjaszewski et al. showed the successful

°=€=°

HO~o DHMIcatalyst ~ HON"Ng -
{o}
RCMP o
(A = 550-750 nm) \
Dual initiator
of RCMP and ROP
o

o0
é) R—Ph—s—Pn—?@PF.s
Ph 0o

VL TSPF; catalyst 0. 0. |
Ha( \/\/\lf)m ~"o A
ROP [e] 0
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Scheme 3 Synthesis of poly(methyl methacrylate)-b-poly
(3-valerolactone) block copolymer via photo-polymerization. Adapted
with permission from ref. 103. Copyright 2015, American Chemical
Society.
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iodine-mediated photo ATRP in aqueous media with oxygen
tolerance under visible light irradiation, offering a green and
highly efficient photo polymerization.®®

2.6. Heterogeneous polymerization and self-assembly

RTCP and RCMP were not only conducted in homogeneous
(bulk and solution) systems but also in heterogeneous
systems. The first report was an aqueous microsuspension
RTCP of MMA using CP-I (R-I initiator), N-iodosuccinimide
(NIS) (catalyst), and n-tetradecyltrimethyl ammonium bromide
(surfactant), in which a high monomer conversion (93%) was
attained within 2 h.'® Instead of water, supercritical carbon
dioxide was also used in a dispersion RTCP of styrene, giving
relatively small P values (1.3-1.5)."*°

Amphiphilic block copolymers can self-assemble in selec-
tive solvents. The obtained micelles, worms, vesicles, and
other structures are widely utilized as delivery containers,
nano-reactors, and imaging materials, for example.""" Such
self-assemblies can be obtained using pre-synthesized block
copolymers or obtained during block polymerizations, the
latter of which is known as polymerization induced self-assem-
bly (PISA).">"'® A significant advantage of PISA is the high
polymer concentration (solid content) attainable in the reac-
tion mixture. In PISA, a macroinitiator, which is soluble in the
solvent, undergoes chain-extension with another monomer to
generate an amphiphilic block copolymer. During the
polymerization, as the second block (solvent-insoluble)
segment grows, the block copolymer becomes insoluble in the
solvent, in situ generating self-assemblies.

The combination of PISA with RCMP provided micelles,
worms, and vesicles.*"”'*® Fig. 12 shows the morphology
diagram in a PISA using PMAA and PMMA as hydrophilic and
hydrophobic segments, respectively, where PMAA is poly
(methacrylic acid)."'” The assembly structure shifted from
micelles to worms and vesicles with an increase in the fraction
of the hydrophobic PMMA segment in the block copolymer. A
biocompatible poly(poly(ethylene glycol) methyl ether meth-
acrylate) (PPEGMA) was also used as a hydrophilic segment,
forming micelles and vesicles with biocompatible surfaces."*®
The encapsulation of an external molecule was also tested."*®
Instead of thermal RCMP, Zhu et al. utilized photo-RCMP in a
PISA of benzyl methacrylate under blue LED light, successfully
obtaining micelles, worms, and vesicles.®* RCMP is free from
sulfur and transition metals. The obtained nano-particles and
nano-capsules may be useful for biomedical, cosmetic, and
agrochemical applications.

Pre-synthesized block copolymers via RCMP were also used
to obtain self-assemblies. Amphiphilic CABC tetra-block copo-
lymers (section 2.3) gave unique particles such as Janus-type
star particles and flower-like particles, depending on the A, B,
and C segments (Fig. 13).”%%%"" Interestingly, the Janus-type
star particle contains dual cores and may serve as a dual con-
tainer of two different guest molecules in a co-delivery system
(Fig. 13). The use of a thermo-responsive polymer in the C
segment enabled reversible transformation between the star
and flower (Fig. 13), which was used in encapsulation and
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Fig. 12 Morphology diagram of the self-assemblies generated in the
PISA process for PMAA-PMMA in ethanol, structure of PMAA-PMMA,
and TEM image of vesicle. The solid content was 5-9 wt%. W + V
denotes a mixture of worms and vesicles. DP is the degree of polymeriz-
ation. Adapted with permission from ref. 117. Copyright 2018, Royal
Society of Chemistry.
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Hydrophobic Hydrophilic
molecules molecules
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Fig. 13 (a) Reversible morphological transformation between Janus
star micelle and flower micelle or toroid using CABC tetra-block copoly-
mer. Adapted with permission from ref. 75. Copyright 2020, John Wiley
and Sons. Adapted with permission from ref. 119. Copyright 2020, Royal
Society of Chemistry.

release of guest molecules and temperature-dependent
shielded and exposed functional surfaces.®® Not only the
flower but also discs, toroids, and a porous structure were also
obtained.'" Besides CABC tetra-block copolymers, an amphi-
philic star polymer with three different arms formed a large
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compound micelle,*" and an amphiphilic rod-coil di-block
copolymer yielded micelles and vesicles.®®

2.7. Polymer brushes

Surface-initiated LRP (LRP from surface-bound initiators) is an
enabling technique for fabricating concentrated polymer
brushes on solid surfaces.'**™*** Patterned polymer brushes
are of interest because polymer brushes with different physical
properties are spatially arranged.’*>'** Patterned polymer
brushes find applications to bio-microarray, molecular reco-
gnition, and microelectronic devices, for example.'**

Polymer brushes were obtained via thermal surface-
initiated RTCP’® and RCMP.'* Patterned polymer brushes
were obtained via photo-controlled surface-initiated RCMP
(photo-SI-RCMP)."*® Positive-type patterned brushes were pre-
pared via photo-SI-RCMP under visible light (500-600 nm)
using photomasks (Fig. 14a). Negative-type patterned brushes
were also prepared (Fig. 14b). The R-I initiator carries a weak
carbon-iodide bond and could be degraded very rapidly
(within 1 min) under UV light (250-385 nm). The degradation
of the R-I initiator was conducted under UV light using photo-

@  visible (b) uv
AN ARN R A A AR R RARARAL)
PALIEASILSE AL IR ATILES ]

wlt o 1M

Positive Patterning

Negative Patterning

(© [ = G

EIO-:SI-(*CH,-);O—
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l Sequential w Photo-
positive & !!!l“ degradation
negative
patterning Photo-

Patterned Binary Brush

Fig. 14 (a) Positive-type patterned brush. (b) Negative-type patterned
brush. (c) Patterned binary brush. (d) 3D-patterning with different graft
density. Adapted with permission from ref. 125. Copyright 2018, John
Wiley and Sons. Adapted with permission from ref. 67. Copyright 2019,
American Chemical Society.
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masks, and the subsequent photo-SI-RCMP under visible light
generated negative-type patterned brushes (Fig. 14b).
Sequential combination of the positive and negative patterning
afforded complex patterned brushes such as patterned binary
brushes (Fig. 14c) and patterned block copolymer brushes.'*®
The graft density of polymer brush was also tailored by adjust-
ing UV-irradiation energy in the initiator degradation step, by
which three-dimensional (3D) patterned brushes with high-
density (concentrated), moderate-density (semi-diluted), and
low-density (diluted) brush areas were prepared (Fig. 14d).%”
The size exclusion of external molecules from the polymer
brush depends on the graft density.'>® Thus, the patterned
brushes with different graft densities may serve as molecular
recognition interfaces. Patterned cross-linked polymer brushes
were also prepared."?® Crosslinking and decrosslinking were
reversibly triggered by thermal, chemical, and photo stimuli,
which was used to modulate the surface wettability and create
and delete the brush patterns.

Polymer brushes with patterned chain-end functionalities
were also prepared. The brush chain-end iodide was converted
to thiol, alkyne, and hydrogen in patterned manners using
photo-selective reactions (section 2.4) with photomasks.*>?
The thiol chain-end was further labelled with a fluorescent
maleimide via a thiol-maleimide click reaction, giving pat-
terned fluorescent brushes,®” and the alkyne chain-end was
copolymerized with a fluorinated vinyl monomer, giving refrac-
tive-index patterned brushes.”®

2.8. Application in industry

Dainichiseika Color & Chemicals Mfg. Co., Ltd has commer-
cially used RTCP/RCMP for manufacturing block copolymers
at industrial scales (Fig. 15). They use the block copolymers

.

©000000000000000000
o090 —
pigment

Fig. 15 Dispersion of pigment nano-particles using block copolymers
and pilot reactor for industrial manufacturing in Dainichiseika Color &
Chemicals Mfg. Co., Ltd.
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as dispersants of pigments for printer inks and other appli-
cations. RTCP and RCMP use relatively inexpensive initiators
and catalysts and are free from metals and odour, serving as
a cost-effective manufacturing process. Various R-I initiators
are available from Godo Shigen Co., Ltd. Some R-I initiators
are also available from Tokyo Chemical Industry (TCI) Co.,
Ltd.

2.9. Solid-phase polymerization

Solid-phase polymerization (SPP) of solid monomer (co)
crystals is widely used in polymer synthesis.'””"**° As men-
tioned, the use of XB-based monomer (co)crystals in topo-
chemical SPP enabled the synthesis of structurally con-
trolled polymers.?®*' Recently, XB-based monomer co-crys-
tals were for the first time used in free radical SPP."*
Because hydrogen bonding had almost predominantly been
used to obtain monomer (co)crystals for free radical SPP,
the use of XB widened the monomer scope for free radical
SPP (encompassing monomers without hydrogen bonding
moieties). The XB-based monomer co-crystals were prepared
using electron-donating monomers such as vinyl pyridine
and an electron-accepting linker (1,4-diiodotetrafluoroben-
zene) (Fig. 16). The monomers were regularly aligned in the
crystals, and the adjacent vinyl groups were close enough to
undergo chain propagation. Free radical SPP was conducted
thermally and photochemically, yielding polymers with
large M,, values and small D values because of the monomer
alignment in the crystals. Interestingly, liquid monomers
(e.g., vinyl pyridine) were converted to solid monomer co-
crystals before the polymerization (Fig. 16). This feature
enabled the construction of pre-shaped desired architec-
tures such as sheets before the polymerization, and the
architectures were fixed via SPP (Fig. 16). Complex architec-
tures such as a 3D-shaped architecture and a layered sheet
actuator were also obtained. This approach may serve as a
useful polymer engineering tool for using liquid monomers

to constitute pre-determined polymer material
architectures.
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Fig. 16 XB-based monomer co-crystal and SSP. Adapted with per-
mission from ref. 131. Copyright 2020, John Wiley and Sons.
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3. Conclusions and outlook

Because of the abundance of XB synthons, high complemen-
tarity, and compatibility in polar and nonpolar environments,
XB offers useful catalytic reactions. RCMP would be one of the
most promising examples of XB-catalysis. RCMP is attractive in
its broad monomer scope, accessibility to a range of polymer
structures, mild polymerization conditions, and absence of
metals and odour. The catalysts encompassed amines, iodide
anions, pseudo-halide anions, and oxygen-centred anions.
Various block copolymers and branched polymers were
obtained using designed R-I initiators. The post-transform-
ation of the chain-end iodide offered various chain-end func-
tionalized polymers. Polymer nanoparticles and (patterned)
polymer brushes were accessed via heterogeneous and photo-
controlled polymerizations. Besides RCMP, free-radical SPP of
XB-based monomer co-crystals provided pre-shaped polymer
material architectures using liquid monomers.

Like other XB catalysis, RCMP can use organic compounds
as catalysts. The use of non-metal, less toxic, and colorless
catalysts would be attractive in electronic, biomedical, and
optical applications. I", pseudo-halide anion, and oxyanion
catalysts are used in the form of organic salts such as
BuyN'T~ or alkali metal salts such as Na'I". Na' is not a heavy
metal and is still biologically safe. A possible drawback of
RCMP is the use of R-I initiators, some of which gradually
degrade upon long-term storage. The use of the R-I in situ
generated vig, e.g., the I,/azo method and halogen exchange
would be a possible solution. As a future direction, further
development of efficient catalysts and use of environmental-
friendly conditions are important for widened applications
and sustainable society. Such efficient catalysts are desired to
expand the monomer scope, molecular weight range, and
accessible polymer structures. The use of environmentally-
friendly catalysts and solvents and also the development of
robust processes for the removal of catalysts and chain-end
iodide from the product polymers would further increase the
feasibility of RCMP for industrial use. This mini-review sum-
marised the state-of-the-art of RCMP. We hope that the mini-
review will be helpful for further exploration of XB catalysis
and further development of RCMP.
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