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Radical polymers hold great potential as solid-state conducting materials due to their distinctive charge
transport mechanism and intriguing optical properties resulting from their singly occupied molecular
orbital energy levels. Furthermore, the paramagnetic nature of their open-shell structures broadens their
applicability, allowing them to be magnetic field-active while also offering promising spin transport pro-
perties. These molecular design features position radical polymers as interesting materials for next-gene-
ration quantum information systems as well. In this review, we highlight the progress regarding several
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stable open-shell radical macromolecular architectures. We commence by examining their synthetic
methods along with the mechanisms governing charge transport in such materials, followed by empha-
sizing their significant development of solid-state optoelectronic materials, and we conclude by discuss-
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1. Introduction

Free radicals are often considered highly reactive intermedi-
ates in organic chemical reactions. However, after Gomberg’s
discovery of the triphenylmethyl radical with a measurable life-
time,! the development of various radicals has improved their
stability through the control of electronic and steric factors.>
With these advances in the design and syntheses of various
stable radical groups, there have also been many developments
in radical-containing macromolecules.> In recent decades,
because of the scope of structural diversity of open-shell
macromolecules, materials with novel properties have been
designed and implemented across multiple application
spaces.”™

Specifically, radical polymers have emerged as promising
solid-state optoelectronic materials.® These polymers pass
charge at localized radical sites that can communicate with
each other by electron exchange in both electrolyte-based and
solid-state devices when these radical sites are in close proxi-
mity.” Because open-shell macromolecules transport charge in
the solid state, they are being considered as future candidates
for modern optoelectronic technologies. Moreover, open-shell
materials have low-lying excited states due to the presence of
singly occupied molecular orbitals (SOMOs), leading to intri-
guing optical properties. Because of these promising pro-
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ing their emerging roles in spintronic applications.

perties, open-shell materials have been used as a supplement
to conjugated macromolecules. However, deciphering the
nature of charge transport processes in a class of macro-
molecules and an appropriate molecular design to place
charge-active sites within a critical distance to enable better
electronic communication could open new avenues in the
development of organic open-shell based electronic
materials.*’

Moreover, open-shell radical small molecules and polymers
exhibit magnetic properties resulting from the interaction of
the spin moments of the unpaired electron, extending their
range of applications.'®™? Interest in nanoelectronic devices
that use quantum phenomena for their operation has
increased in recent years."*'® In particular, devices that use
the spin of an electron are being actively explored because
spins can be manipulated in a faster and more energy-efficient
manner.'>"” As a result, spintronics are expected to have faster
switching times and lower power consumption than conven-
tional organic electronic devices based solely on electron trans-
port. Moreover, the energy levels of spins are discrete, and the
associated quantum states can be tuned and coherently
manipulated by external electromagnetic fields.'®'® While
spintronics based on radical polymers have been little
explored, they have the potential to transform the field of spin-
based electronics, optoelectronics, and diagnostics due to ease
of fabrication, tunable molecular, magnetic, and electronic
structures.'®'*>°

This review is intended to provide a survey of the state-of-
the-art in macromolecular materials bearing radical motifs
and the opportunities presented by their electronic, magnetic,
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Fig. 1 Schematic representation of macromolecules with open-shell character. On the right side of the figure, future potential applications such as
spin valves and organic magnets are shown. The top section of the left side shows how electronic transport in these materials occurs between the
open-shell molecules and the charged state of the open-shell molecules. The blue spheres represent the open-shell molecules attached to the
polymer backbone, and the red spheres represent the redox state of the open-shell molecules. Pictured on the bottom left is the application of

these polymers in light-emitting devices.

and spin properties (Fig. 1). We begin with a discussion of the
various known types of open-shell radical molecules, the
classes of macromolecular architecture involving open-shell
molecules, their chemical synthetic strategies, and charge
transport in these materials. Then, we focus on electronic
applications of these functional materials, which are mainly
focused on organic light-emitting devices (OLEDs). Next, we
discuss applications for open-shell macromolecular materials
in solid-state spintronic devices. We conclude with our own
assessment of the current state of the art and opportunities in
this growing field, as well as challenges that should be
addressed for the further development of these exciting func-
tional materials.

2. Molecular design and synthesis of
open-shell micromoles

Various types of open-shell molecules, such as (a) carbon-cen-
tered radicals, (b) nitrogen-centered radicals, (c) oxygen-cen-
tered radicals, and (d) nitroxide radicals, are used in design of
radical polymers (Fig. 2).> Among them, nitroxide radicals are
the most common radical species, including 2,2,6,6-tetramethyl-
piperidinyloxy (TEMPO), 2,2,5,5-tetramethyl-1-pyrrolidinyloxy
(PROXYL), and N-tert-butyl-N-oxy-aminobenzene, which are incor-
porated into radical polymers and polyradicals due to their rela-
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tively high stability. Similarly, radical polymers based on oxygen-
centered radical groups, such as the phenoxyl and galvinoxyl
open-shell groups, have been reported. Although nitrogen-cen-
tered open-shell groups, such as tetrahydro-s-tetrazin-1-(2H)-yl
(verdazyl), dithiadiazolyl, and Blatter radicals, have also been
investigated in small molecules, polymers based on them have
been reported rarely due to either poor stability or complicated
synthetic pathway. Pure hydrocarbon ensembles are less stable.
These structures usually use combinations of carbon-centered
radicals covalently bonded to multiple aromatic rings; the sim-
plest example is the triarylmethyl radical.

Based on the structure or connectivity of open-shell mole-
cules in macromolecules, open-shell macromolecules are
classified into the following three categories: (1) non-conju-
gated radical polymers, (2) conjugated radical polymers
(CRPs), and (3) polyradicals. The following subsections provide
an overview of the chemical strategies used in the syntheses of
these materials.

2.1. Non-conjugated radical polymers syntheses

Macromolecules with non-conjugated backbones and stable
open-shell units are an emerging class of organic electronic
materials with many potential applications in solid-state elec-
tronics.>' The charge transport and redox activity of these poly-
mers primarily depend on the radical side groups, while the
polymer backbone primarily determines the thermal and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The chemical structures of the various open-shell species based on the nitroxyl group, oxygen-, carbon-, and nitrogen- atoms that are

reported in the literature.

mechanical properties of the radical polymers. Therefore, the
electronic and mechanical properties of these materials can be
controlled with a known chemical strategy that allows the
incorporation of new radical groups and the different architec-
ture of the backbone.

The radical groups are incorporated into the polymer back-
bone by (a) direct polymerization of monomers bearing
pendant open-shell groups, (b) polymerization of a protected
closed-shell monomer (i.e., a radical precursor), which requires
an additional post-polymerization modification step, and (c)
the attachment of open-shell groups to pre-synthesized
polymer structures. The following section details synthetic
strategies for developing non-conjugated radical polymers.

Direct polymerization routes allow for the syntheses of
radical polymers without further modification, and these
include ionic (i.e., either cationic or anionic) polymerizations,
metathesis polymerizations, and ring-opening polymeriz-
ations.? Therefore, these routes are often preferred when they
are synthetically possible. Ionic polymerization is considered
one of the most useful methods for the syntheses of radical
polymers because the ionic terminus of the propagating chain
does not interfere with the radical groups. The first stable
radical polymers with pendant nitroxide radicals were syn-
thesized by carbanionic polymerization of 2,2,6,6-tetramethyl-
piperidinyloxymethacrylate (TMA) using phenylmagnesium
bromide (Fig. 3a).>> However, this strategy was somewhat hin-
dered due to partial crosslinking during polymerization. To
overcome this challenge, Nishide and co-workers used a mod-
erately nucleophilic anionic polymerization initiator, methyl
methacrylate-capped diphenylhexyllithium (MMALi), which
suppressed the side reaction between the nitroxide radical of
the TEMPO unit and the carbanion of diphenylhexyllithium
(Fig. 3a).*” In turn, this modified strategy gave poly(2,2,6,6-
tetramethylpiperidinyloxymethacrylate) (PTMA) with well-con-

© 2024 The Author(s). Published by the Royal Society of Chemistry

trolled molecular weight, a narrow molecular weight distri-
bution, high yield, and exactly 1.0 radical per monomer unit.
Similarly, many researchers have used anionic or anionic co-
ordinated ring opening polymerization (ACROP) to synthesize
radical polymers. In one example, ACROP initiators (e.g,
ZnEt,/H,0) were highly suitable for unsaturated proxy-contain-
ing epoxide ring syntheses, resulting in a poly(proxyethylene
oxide) polymer with full radical content (Fig. 3b).>* In contrast,
the cationic polymerization of nitroxide radical monomers has
been less studied because the radicals were susceptible to
degradation by cationic initiators. However, low-temperature
cationic polymerization of 4-vinyloxyl-TEMPO using boron tri-
fluoride etherate (BF;-OFEt,) as a catalyst has been reported,”
but this resulted in a TEMPO-containing poly(vinyl ether) gel,
presumably due to an inevitable side reaction with the nitrox-
ide radical (Fig. 3c).

In addition, the ring-opening metathesis polymerization
(ROMP) of TEMPO-containing norbornene>® or 7-oxanorbor-
nene”’ monomers with second- or third-generation Grubbs
catalysts has been carried out to obtain radical polymers
without quenching the radical centers. For example, a series of
TEMPO-containing norbornene monomers was polymerized
by ROMP using the second-generation Grubbs catalyst in DCM
solvent by Masuda and coworkers, yielding 2,3-endo, exo- and
2,3-endo, endo-polymers with very high molecular weights (M,,)
of ~185 kg mol™" and 137 kg mol ™", respectively (Fig. 3d).° It
is noted that the charge storage performance of these two poly-
mers is different, although their structures are similar. While
the advantages of ROMP include mild polymerization con-
ditions, the ability to achieve high molecular weights, and
good reaction control of monomers with large radical groups,
caution should be exercised when solution-based processing is
desired for end-use applications, as endo and exo confor-
mations can drastically affect solubility.

RSC Appl. Polym., 2024,2,7-25 | 9
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Fig. 3 Non-conjugated radical polymers synthesized from open-shell monomers using (a) anionic, (b) anionic coordination ring opening (ACROP),

(c) cationic, and (d) ring-opening metathesis polymerization techniques.

The strategy of polymerizing a protected closed-shell
monomer (ie., a radical precursor) using free radical polymer-
ization (FRP) and living radical polymerization (LRP) tech-
niques is as important as the direct polymerization strategy
because of the relatively versatile and robust nature of these
synthetic methods. In this strategy, the target radical polymers
are prepared by oxidation or deprotection after polymerization
of these precursor monomers. The first demonstration of this
strategy was described by Okawara and co-workers in 1972
using azobisisobutylnitrile (AIBN)-initiated free polymerization
of 2,2,6,6-tetramethylpiperidin-4-yl methacrylate (TMPM),>®
which yielded a polymer precursor that was converted to a nitr-
oxide-containing polyacrylate by oxidation with H,0,/Na,WO,
(Fig. 4a). Similarly, Nishide and co-workers used a silyl-pro-
tected nitroxylstyrene monomer that allowed direct free radical
polymerization with AIBN to give a radical precursor poly-
styrene.*® Deprotection of the tert-butyldimethylsilyl (TBDMS)
groups from the radical precursor polymers with TBAF, fol-
lowed by mild oxidation with silver or manganese oxide, led to

10 | RSC Appl. Polym., 2024, 2, 7-25

the final radical nitroxide polymers, poly(nitroxylstyrene)
(Fig. 4a). Other radical polymers, including nitronylnitroxy,*°
phenoxy (galvinoxyl),®* 6-oxoverdazyl,”> and 1,1,3,3-tetra-
methylisoindolin-2-yloxyl (TMIO)*® radical polymers, were also
synthesized by similar methods.

The LRP of organic radical precursor monomers is attrac-
tive because of the large control over molecular weight and the
controlled nature of polymerizations, and used these methods
for the synthesis of various open shell macromolecules.
Thus, Gohy and co-workers reported the atom transfer
radical polymerization (ATRP) of TMPM using a catalyst system
of Cu(0)/CuBr,/N,N,N',N",N"-pentamethyldiethylenetriamine
(PMDETA),** resulting in a radical polymer with a molecular
weight of approximately 11 kg mol™" and a narrow molecular
weight distribution (P = 1.11) with a high conversion rate of
98% (Fig. 4b). Similarly, reversible addition-fragmentation
chain transfer (RAFT) polymerization can be used for the syn-
thesis of radical polymers such as well-defined PTMA
(Fig. 4c).*> Although RAFT polymerization provides potential

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Non-conjugated radical polymers synthesized from open-shell precursor monomers through (a) free radical polymerization, (b) ATRP and (c)
RAFT polymerization. In these examples, the precursor polymer obtained was converted to corresponding radical polymer by oxidation or de-

protection after the polymerization reaction.

control over molecular weight, prolonged polymerization leads
to an increase in dispersity due to intermolecular chain trans-
fer and a loss of control by the RAFT end group, which can
occur due to aminolysis of thiocarbonylthio compounds by the
secondary amine monomer. In addition, the final oxidation of
the precursor polymer can lead to an insoluble crosslinked
product due to the presence of the terminal sulfur-containing
component. On the other hand, removal of the RAFT-terminus
with excess AIBN leads to a methyl-terminated PTMPM that
can be easily oxidized to PTMA without crosslinking.” RAFT
polymerization of monomers containing free amines is a
difficult task because these free amines cause aminolysis of
thiocarbonylthio chain transfer agents, which stop polymeriz-
ation and cleave the thiocarbonylthio end groups. Performing

© 2024 The Author(s). Published by the Royal Society of Chemistry

RAFT polymerizations at acidic pH would minimize this
problem; however, the TMPM hydrochloride monomers only
polymerized up to ~60% polymer conversion.>® Protecting the
radical moiety of hydroxy-TEMPO with a methyl®*” or phenyl*®
functionality is another solution to these problems. Thus,
Blinco and co-workers have demonstrated the synthesis of
PTMA by RAFT polymerization of methoxyamine-protected
TEMPO methacrylate (MTMA) and subsequent cleavage of the
temperature-stable methoxyamine functionality by oxidative
treatment of PMTMA with meta-chloroperbenzoic acid.?” This
polymerization shows a linear first-order behavior over the
first 5 h up to a conversion of 7% with a dispersity of 1.13. The
versatility of this method opens the possibility of controlled
and facile synthesis of various PTMA polymer architectures

RSC Appl. Polym., 2024, 2,7-25 | 1
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with relatively low dispersity and highly targeted molecular
weights.*®

Post-polymerization modification, in which radical groups
are added to pre-synthesized polymer structures, is another
powerful strategy for preparing radical polymers. For example,
the copper-catalyzed alkyne-azide cycloaddition (CuAAC)
“click” reaction was used to install TEMPO groups on polythio-
phene by clicking 4-propargyl-TEMPO with azido-functiona-
lized polythiophene.* Similarly, siloxane-based radical poly-
mers were synthesized by hydrosilylation of poly(methyl-
hydrosiloxane) (PMHS) with  4-allyl-2,2,6,6-tetramethyl-
piperidine-N-oxyl ether in the presence of a platinum or
rhodium catalyst.”” The post-modification method generally
follows statistical incorporation because the radical content
can be quantitatively measured.*' Although several non-conju-
gated radical polymers have been synthesized using these
known chemical strategies, it is still a challenge to design a
molecular structure that has great potential for the targeted
applications, so a deep understanding of the structural pro-
perties is a key factor in developing high-performance devices
using these materials.

2.2. Conjugated radical polymers

Open-shell molecules attached to conjugated macromolecules
form a subclass of radical polymers called conjugated radical
polymers (CRPs).*” Tuning the structure of the open-shell
molecules and the conjugation length of the polymer would
also provide the opportunity to control the optical and electro-
chemical properties of this class of materials. The syntheses of
these polymers are often different from that of non-conjugated
polymers. In the last decade, CRPs with different conjugated
polymer backbones such as polyacetylene,*® polythiophene,**
polypyrrole,*? and poly(3,4-ethylenedioxylthiophene)

12 | RSC Appl. Polym., 2024, 2, 7-25

(PEDOT)* have been reported. CRPs with thiophene®>- and
pyrrole***>-polymer backbones are usually synthesized by oxi-
dation polymerization directly on an electrode surface
(Fig. 5a). For instance, Armand and co-workers synthesized
PEDOT with a stable nitroxide radical using an electropolymer-
ization route (Fig. 5b).*” In addition to the syntheses of
TEMPO polymers, oxidation polymerization was used for the
synthesis of polythiophene with a verdazyl radical group*® and
poly(3-phenoxyl-substituted thiophene).*” Taking advantage of
the oxidation polymerization of dopamine, the auto-oxidation
polymerization of a dopamine-functional TEMPO derivative on
the substrate was also realized.*® Additionally, the copper-cata-
lyzed alkyne-azide “click” reaction has been used as an
alternative method for the preparation of a CRP with a poly-
thiophene backbone, but polymers with a high content of
radical moieties are not completely soluble in many solvents.
The methods of Stille coupling and metal-catalyzed polymeriz-
ation have been used to prepare CRPs. The synthesis of a CRP
with polyacetylene backbone by Rh-catalyzed polymerization
has been reported, but this produces polymers with high dis-
persity and even an insoluble fraction. Similarly, Stille coup-
ling polymerization of 1,3-bisdiphenylene-2-phenylallyl (BDPA)
analogues with thienyl distannanes gave BDPA-based polymers
in 96% yield with a high molecular weight of 35 kg mol™ (P =
2.70). These BDPA-based polymers were converted into corres-
ponding radical polymers by deprotonation of the proton at
the benzylic position of fluorene with excess potassium tert-
butoxide and subsequent oxidation of the BDPA anions to rad-
icals with potassium ferricyanide (Fig. 5¢).*

2.3. Polyradicals

Because polyradicals are macromolecules composed of repeat-
ing open-shell units and do not have separate backbone and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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open-shell components, they often exhibit a high degree of
radical delocalization. According to Rajca’s classification,
there are two main types of polyradicals (Fig. 6). Class I
includes polyradicals with open-shell groups repeating along
the polymer backbone, and class II includes polyradicals in
which the open-shell groups are attached to the conjugated
backbone.*

Although they exhibit a high-spin ground state and long-
range magnetic ordering, only a few polyradicals are known
due to the complicated synthesis strategies. However, the
Rajca group has prepared numerous class I polyradicals
with high spin content, including dendritic and star-
branched structures based on the alternating connection of
1,3-phenylene-ferromagnetic coupling units (fCUs) and two
arylmethyl spin sites.® However, because defects are
present in the dendrites that disrupt the ferromagnetic
spin coupling in these polyradicals, the average values of S
for these radicals are limited to S = 5 or less. To avoid
these problems, dendritic-macrocyclic and macrocyclic-
macrocyclic structures were designed using the spin cluster
approach the number of spin sites.>
Moreover, elaboration of the spin-cluster approach leads to
a polymacrocyclic highly interconnected r-conjugated poly-
radical network with multiple spin-coupling pathways through
the alternating connectivity of two types of radical modules
with ferromagnetic/ferrimagnetic arrangement of spins,
which should allow large net S values.>’™* These polymer
networks were synthesized by Pd-catalyzed Negishi coupling
of two tetrafunctionalized macrocyclic monomers yielding a
polymer further treated with metal (Na/K/15-crown-5) to

to maximize

© 2024 The Author(s). Published by the Royal Society of Chemistry

give a corresponding carbopolyanion. These anions yielded
the target polyradical after oxidation with iodine
(Fig. 6a).>"°2

Class II polyradicals, on the other hand, are less studied
and are often based on phenoxyl-bearing conjugated poly-
mers.>* For instance, the synthesis of poly(9,10-anthrylenethy-
nylene)-based polyradicals bearing phenoxyls in the anthra-
cene backbone was achieved through the polymerization of the
corresponding bromoethynylanthracene monomer using a
Pd(0) catalyst (Fig. 6b).>* Although there are some difficulties
in their synthesis, the promising magnetic and electronic pro-
perties of these materials could be future functional molecules
for organic magnets which will be discussed in the section of
magnetic applications.

The synthetic development of radical polymers and polyra-
dicals is steadily increasing and has accelerated greatly in the
last two decades. With the help of modern chemistry, many
advances have led to three types of open-shell macromolecules
with different types of radicals. Elucidating the structure-func-
tion relationship within these macromolecules can lead to a
deeper understanding of the transport mechanisms in these
materials, which would be of great importance for future tech-
nological advances. In addition, by tuning of chemical struc-
ture of these materials, there is a possibility of altering the
physical properties of these materials, which paves a way to
control the performance of these materials in future appli-
cations. Furthermore, the development of precise molecular
structures provides fundamental insights into the electronic
structure and structure-property relationships of polyradical
materials.

RSC Appl. Polym., 2024, 2,7-25 | 13
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3. Charge transport in radical
polymers

Because of the electronic properties of polymers bearing open-
shell units, they can serve as charge conduction sites in poten-
tial electronic devices such as organic light-emitting devices
(OLEDs), solar cells, and transistors. For a relatively long
period of time, nitroxide-based non-conjugated radical poly-
mers exhibited low electronic conductivity because of their
insulating backbone components, which lowers the density of
charge carrier sites. The solid-state electrical conductivity of
non-conjugated radical polymers, such as PTMA, is in the
range of 107> to 10™*" § em™".7"® Therefore, various studies
have been carried out to understand and explain the electronic
transport mechanism in these materials.”®

Based on theoretical calculations of reorganization energies of
different radical species, the calculated reorganization energies
decrease with increasing delocalization of radicals.’® In this study,
the highest reorganization energy was calculated for TEMPO, and
the lowest for the galvinoxyl radical. Thus, maximal delocalization
leads to significant electronic coupling, which results in high
charge transfer in species with lower reorganization energy.
Electron transport in radical polymers also depends on charge
carrier density, and higher radical loadings are required for sig-
nificant charge transport.”” In addition to these factors, polymer
morphology and radical-to-radical distance are critical for
efficient charge transport. Using atomistic molecular dynamic
simulations of the radial distributions between radicals in the
modeled amorphous PTMA structure, the effective electron trans-
fer distance is <5.5 A, which is responsible for most (>85%) of
the charge transfer in the radical polymer.>”

Furthermore, many polymer scientists have become inter-
ested in these materials over the past two decades because
they exhibit fast redox kinetics, and numerous promising
radical polymer conductors with different molecular architec-
tures have been developed. For example, the chemical nature of
pendant open-shell groups affects the conductivity of the
polymer films by almost an order of magnitude.”® The conduc-
tivity of PTMA increases to a maximum value of (1.52 + 0.3) x
107> S em™" when doped with ~2.5% PTMA cation sites formed
by oxidation of PTMA, suggesting that moderate doping of the
radical polymers could improve their ability to conduct charges
in the solid state compared with unmodified radical polymer
materials.>® We reported that the conductivity of an ether-based
organic radical polymer increases dramatically up to 0.20 S
em ™! over a distance of 600 nm or less, due to local organiz-
ation of percolating radicals at or below this length scale by
thermal annealing (Fig. 7a).>" This study suggests that this local
organization leads to a high probability of radical-to-radical (i.e.,
site-to-site) charge hopping by increasing the local concen-
tration of radicals and flexible ether bonds.>® We quantified the
electrical conductivity in an organic crystal based on TEMPO
molecules with an electrical conductivity of ~0.03 S cm™,
which is one of the highest values for non-conjugated radical
conductors over a length scale of 1 pm.*°
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There were attempts made to improve the conductivity of
these polymers by replacing the aliphatic backbone with a con-
jugated chain such as polythiophene.®' However, these CRPs
exhibit low conductivities (i.e., in the range of 1077-107°S
em™') due to internal electron transfer between the conjugated
backbone and the radical group (Fig. 7b-e).°" However, the
situation is different when radical pendant groups such as the
galvinoxyl and phenoxyl radicals are incorporated into a poly-
thiophene backbone, which increased the electrical conduc-
tivity of the polymer from 2.5 x 107° S em™ to 3.6 x 107® S
ecm™ when the radical content increased to 0.93 radical/
monomer unit because the radical groups facilitated inter-
chain hole transfer relative to internal electron transfer.®>

The combination of synthetic efforts and theoretical under-
standing of electron transport in open-shell macromolecules
has driven the successful development of electronic device
applications.®®®® For example, efficient light-emitting diodes
can be developed due to the doublet emission properties of
radical-based species.®® In addition, organic spintronics is cur-
rently being explored due to the spin properties of these
macromolecular systems, although these applications are still
at infant stage.'®"* In the following sections, we focus on
these emerging research areas with these electronic and mag-
netically active materials.

4. Electronic applications

Recently, open-shell macromolecules have shown promise in
multiple organic electronic devices due to their mechanical
robustness, versatile synthetic mythologies, and tunable elec-
tronic structures. Organic radicals and radical polymers have
an extensive scope for various potential applications such as
batteries, energy storage devices, memory devices, and OLEDs
due to their special electronic and photophysical properties.
Controlling their redox chemistry permits their use in batteries
and energy storage devices. Due to these interesting chemical
and physical properties, they have been utilized in a wide
range of potential applications and have also discussed in
detail these electrochemical applications in other comprehen-
7% 1n the following section, we describe the sig-
nificant role of OLEDs in organic electronics compared with
the liquid-crystal displays (LCDs), electroluminescent pro-
cesses, findings of emission mechanisms for organic emitters
in radical based small molecules, and the structure-properties
relationship of these open shell molecules in OLEDs.

sive reviews.

4.1. Applications of open-shell macromolecules in organic
light-emitting diodes (OLEDs)

OLEDs play a significant role in organic electronics after first
being introduced in 19877° due to their lower energy consump-
tion, flexibility, light weight and device-fabrication compared
with the LCDs.”' In most systems, electroluminescent pro-
cesses occur through the 1:3 ratio of singlet and triplet exci-
tons forms.””> Due to the Pauli exclusion principle, most triplet
excitons are lost in traditional OLEDs.”” Thus, the internal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic representation of how organic radical polymer PTEO [poly(4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl)] conduct elec-

tricity and how a flexible structure that helps to increase the polymer’s conductivity at length scales of 600 nm or less. Adapted with permission
from ref. 63. Copyright 2018 The American Association for the Advancement of Science. (b) Chemical structures of polythiophene conjugated

radical polymers (CRPs) with alkyl spacers (n = 4, 6, 8) and control polymer P3BT. (c) Cyclic voltammograms (CVs) of CRPs and P3BT at 0.5 mV s™.

1

(d) OCP monitoring for 6 h. The electrodes were first charged by linear sweep voltammetry to 4.2 V and held at constant potential for 50 s (inset:
illustration of CRPs before and after open-circuit potential decay). (e) Illustration of the internal electron-transfer process occurring for the CRPs.

Adapted with permission from ref. 61. Copyright 2017 John Wiley and Sons.

quantum efficiency (IQE) of conventional closed-shell organic
emitters cannot exceed 25%, and the external quantum efficiency
(EQE) often does not exceed 5% in the case of traditional fluo-
rescent OLEDs.”>’* To address this issue, spin-orbit coupling
using heavy metals can significantly improve intersystem crossing
and the phosphorescence decay rate, and thus, phosphorescent
metal complexes expand the efficiencies of OLEDs.”
Alternatively, molecules with thermally activated delayed fluo-
rescence (TADF) properties or triplet-triplet annihilation have
achieved high IQEs in OLEDs (Fig. 8a and b).”*”® These triplet-
excitons collecting approaches were all constructed on an even
number of electrons-based closed-shell molecules. The doublet
nature of the ground and excited states created open-shell mole-
cules with an odd number of electrons emissive neutral radicals
considered as probable ideal OLED emitters.*® In this effort,
charge transfer becomes spin allowed, so the theoretical IQE of
molecules that utilize radical-based materials as photo-
luminescence layers can reach 100%.

The doublet fluorescent in organic radicals is from materials
that are mostly based on chlorinated triphenylmethyl radicals,
including perchlorotriphenylmethyl (PTM),”®®" tris-2,4,6-trichloro-
phenylmethyl radical (TTM),**®* and (3,5-dichloro-4-pyridyl) bis
(2,4,6-trichlorophenyl) methyl (PyBTM)*>®*® derivatives. To date,
OLEDs based on organic radicals have mostly centered on red

© 2024 The Author(s). Published by the Royal Society of Chemistry

luminescent TTM derivatives. Li and co-workers introduced emis-
sive conjugated radicals TTM-1Cz and TTM-2Cz in the OLEDs in
2015.% The charge transfer from carbazole to the TTM center was
the reason behind the emission of TTM-1Cz and TTM-2Cz, and
the magneto-electroluminescence measurements confirmed the
doublet nature of their excited states. TTM-1Cz-doped 4,4'-bis(NV-
carbazolyl)-1,1"-biphenyl (CBP) showed a better EQE (4.3%) for
OLEDs compared with the unfunctionalized TTM (EQE 2.8%)
due to the intramolecular charge transfer between the carbazole
donor’s highest occupied molecular orbital (HOMO) and the
TIM acceptor’s singly-occupied molecular orbital (SOMO).5%%°
Further, a sequence of new emission-neutral conjugated radicals
was introduced by connecting electron-withdrawing benzimid-
azole groups on TTM radicals in OLED devices.”® The EQE of the
radical-based OLEDs was improved to 10.6% by incorporation of
the 1,5-diazarcarbazole modified TTM radical (TTM-DACz).**
Furthermore, the EQE was improved to 27% in the TTM-NCz
system.*?

Radical-containing polymers are promising for improving
the stability of these OLED devices. The significant importance
of high-efficiency OLEDs has progressed by appropriate host
materials in polymer systems for application as an emitter. Li
and coworkers introduced pendant carbazolyl group-based
poly(meta-styrene) derivatives as a host for efficient solution-

RSC Appl. Polym., 2024, 2,7-25 | 15
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(@) Emission mechanisms for doublet- and singlet-/triplet-based organic emitters. Jablonski energy diagrams of the (a) doublet-quartet
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escence, and spin flip processes, e.g., intersystem crossing (ISC, T1 — S1) in TADF; triplet—triplet annihilation (TTA, 2 T1 - S1 + S0).

processed organic light-emitting diodes. For example,
TTM-1Cz was attached to a polystyrene backbone to synthesize
PS-CzTTM macromolecule (Fig. 9a), and this macromolecule
displayed 24.4% and 37.6% photoluminescent quantum
efficiency (PLQY) in solid state film and solution states,
respectively.”>** PS-CZTTM was incorporated as an emission

layer in the OLEDs due to its photostability, reduced aggrega-
tion-caused quenching effect, and high photoluminescent
quantum efficiency (PLQE). The half-life of emission intensity
(1.6 x 10* s in cyclohexane solution) has improved up to 300
times compared with the TTM mono radical under same con-
ditions.®* The devices were prepared with construction as ITO/
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(a) The chemical structure of PS-CzTTM. (b) Schematic diagram of the device structure of PS-CzTTM-based OLED. (c) EQE of host-free and

host—guest OLEDs versus current density. (d) EL spectra of both host—guest and host-free OLEDs at 12 V operating voltage. Adapted with permission

from ref. 93. Copyright 2023 American Chemical Society.
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PEDOT:PSS/PVK/emissive layer (EML)/B3PYMPM/LiF/Al to
determine the potential of PS-CzTTM in OLEDs (Fig. 9b).
Host-guest-based PS-CzTTM OLEDs (TPBi) showed deep-red
emissions peaking at 685 nm with maximum EQEs of 3.0%,
whereas the host-free OLEDs showed 0.9% EQEs (Fig. 9c).
Besides the higher EQE, PS-CzT'TM: TPBi OLED also improved
brightness, charge balance, and reduced efficiency roll-off
effect compared with the host-free OLED. The emission
process was maintained and confirmed by electroluminescent
(EL) spectra of host-free and host-guest devices at 12 V operat-
ing voltage (Fig. 9d). The PS-CzTTM-based OLEDS showed
higher stability of operating current density (8.1 mA cm™?) and
higher solution processability compared with the small
radical-based OLEDs. Parallelly, Yang’s group introduced
super acid-catalyzed carbazole-conjugated backbones-based
radical polymers with 1.8% EQE in electroluminescent devices
to avoid the use of heavy metal catalysts in polymerization.’®
In fact, the first photoluminescence studies of PTEO recently
were reported.’® PTEO had high photoluminescence intensity
in its aggregated state, which occurs below the glass transition
temperature. This state is due to the intermolecular non-
covalent interactions among the TEMPO units. Radical-based
OLEDs have been developed only for a few years and only a few
radicals have been studied; thus, there are challenges but
abundant opportunities to improve their performances via
smart molecular design and engineering.

View Article Online
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5. Spintronic applications

Two distinct, yet interconnected, modes of transport, namely
spin transport and charge transport, form the foundation of
contemporary technological landscape of polymer-based
electronics.””®° These phenomena dominantly influence the
migration of crucial physical and chemical entities within
(radical) organic materials, thus paving the way for innovative
electronic, magnetic, and informational technologies.'®
Establishing the difference between spin transport, which
involves the manipulation of intrinsic angular momentum,
and charge transport, which centers around the movement of
electric charge, is pivotal for harnessing their unique pro-
perties and engineering novel functionalities.®> Evaluating
these distinct transport mechanisms and leveraging the prin-
ciples of polymer science in practical applications are vital
steps toward advancing diverse fields, ranging from semi-
conductor electronics to spintronics and quantum
computing.'®'" In the following section, we discuss recent
findings regarding magnetism and spin transport in radical
polymers, focusing on their individual characteristics, under-
lying principles, and emerging applications.

5.1. Magnetism in radical polymers

Although spintronic applications of radical polymers have
recently been reported, the magnetism of radical-containing
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(a) Development of high-spin polyarylmethyls (Ar = 4-tert-butylphenyl) (b) magnetic field (H) dependence of the magnetization (M) of

OMP-1 at T = 3.5 K. The solid line corresponds to the least-squares plot using linear combination of Langevin and Brillouin functions corresponding
to average S = 5400. Adapted with permission from ref. 102. Copyright 2005 Elsevier. (c) Plot of 4T versus T in a static field in presence of 0.5, 5 and
50 Oe. Adapted with permission from ref. 51. Copyright 2001, The American Association for the Advancement of Science.
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macromolecules have been studied more than 30 years.
Since the first discovery of the triphenylmethyl stable radical,
initial studies were focused on discovering the fundamental
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magnetic properties and evaluating the potential of these
radical-containing macromolecules in various applications."®?
Early investigations centered around understanding the elec-
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(a) Illustration of spin relaxation in inorganic and organic materials, representing SOC and hyperfine interaction as barriers to diphase the

relaxation time versus Ag for all measured molecules. Error bars represent 95% confidence

intervals. Dashed line shows the expected proportionality for relaxation via SOC fields. (c) Spin coherence time versus Ag for all measured molecules.
Error bars show the 95% confidence intervals. Adapted with permission from ref. 112. Copyright 2017 Springer Nature.
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Fig. 12 Compared to (a) traditional electronics where interplays with the energy states of electrons, (b) spintronics operate in a much lower energy
scale, due to spin splitting as two states, m = +1/2 and —1/2, when an external magnetic field is applied. The split spin states can fine split into

further states due to SOC and hyperfine interaction.
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tronic structure and magnetic interactions within these
materials, aiming to unveil the origin of their magnetic
behavior.

In general, organic molecules are diamagnetic because of
the large energy gap between the singlet ground state and the
nearest triplet state (AEgy). However, this scenario can be
different in radical polymers, because the AEgy is smaller and
the thermal energy available at room temperature is sufficient
for spin excitation. Moreover, the physical and chemical pro-
perties are tunable through synthetic modifications such that
these materials are appropriate for magnetic applications in
dynamic polarization techniques, organic magnets, and spin-
tronics, as compared to inorganic counterparts. For instance,
in small molecule and polyradical studies, smaller electron-
proton coupling constants, J values, where AEgy = 2], were
observed when methoxy groups were substituted to chloride
groups in between tris(2,6-dimethoxyphenyl)methyl and per-
chlorotriphenylmethyl radical magnetism studies. To develop
this correlation between functionalization and magnetism into
polymers, the Azoulay group demonstrated two different
donor-acceptor polymers with high and low spin, by simply
tuning the functional group of monomers."®* This demon-
stration has successfully proved that the spin density in rad-
icals is directly influenced by surrounding functional groups.
Furthermore, Rajca’s group proved that quantum spin
numbers, S, can be modulated simply by linking polyradicals
with either an antiferromagnetic coupling unit (aCU) or ferro-
magnetic coupling unit (fCU). This work highlights the syn-
thesis of a class of high-spin materials with up to up to S =
5000 (Fig. 10).>" As the values of S are related to the number of
ferromagnetically coupled unpaired electrons, materials with
high S are considered as one of the possible candidates for
organic polymer magnets. This class of macromolecules with
paramagnetic nature, compared to diamagnetic closed-shell
conjugated polymers, has brought the attention of radical poly-
mers as a suitable material for potential spintronic appli-
cations. To date, researchers are still delving into the influence
of chemical substitutions, molecular arrangements, and exter-
nal stimuli on the magnetic properties of radical polymers.
These foundational studies provide crucial insights into the
relationship between the molecular architecture of radical-con-
taining macromolecules and their magnetism, paving the way
for subsequent advancements in the field.

5.2. Spin relaxation length and time

Spin relaxation time (z5) can be expressed as the following
equation.

111 n
s Tl

Also, the spin relaxation length can be expressed as [ =

kz ", where the k constant value differs within the magnetism

of material.'®'°® Here, 7,, stands for the average time for an

up-spin flip to a down-spin and 7; for the reverse.

Furthermore, 75 is a crucial parameter for spintronic devices
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View Article Online

Perspective

because it sets the time and length scale for the loss of spin
polarization. Spin relaxation in solids can be explained by two
mechanisms, spin-orbit coupling (SOC) and hyperfine inter-
actions.’®” In general, organic materials, trend to show small
but non-negligible SOC and hyperfine interactions, which
leads to the comparably longer relaxation time to that of in-
organic materials (Fig. 11a)."° SOC is an effect that describes
the interaction between the electron’s spin and its motion
while it travels along the orbital within an electric field. While
a non-zero spin particle travels along the electric field with vel-
ocity, it generates a field with a magnetic component, which
interacts with the electric field. SOC is a relativistic effect that

grows with the atomic number Z, typically in a scale of Z*.'%°
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Fig. 13 (a) The schematic structure for Ni/polyacene/Ni molecular
junctions. (b) Current—voltage characteristics in parallel and antiparallel
configurations with different molecular lengths (n = 2, 4, 6, 7, 8, 10,
while the inserts are the corresponding TMR). TMR values show up to
negative 2500% when n = 10 and bias is 0.1 V. Adapted with permission
from ref. 122. Copyright 2021 The author(s). Published by Elsevier B.V.
(c) The magnetic fingerprints depend on the exact configuration of the
molecule in the junction, supported by measurements on a radical
molecule with the same backbone but with one free spin, in which only
Kondo anomalies are observed. Adapted with permission from ref. 123.
Copyright 2022 The author(s). Published by American Chemical Society.
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Because organic materials have lower Z numbers than in-
organic metals, the SOC is usually small. The hyperfine inter-
action, which is also an important factor to determine spin
relaxation, describes the interactions in between the nuclear
spins adjacent to the electrons. By electron-nuclear flip, the
hyperfine interaction directly influences 5, while dephasing in
an order of Z~% due to fluctuating nuclear spins occurs."** In
organic materials the hyperfine interaction is weak mainly
originating from relatively small isotopes such as "H, *C and
N, that once again, leads to a conclusion of longer 7, and I
in organic materials. As spin polarization can be maintained
longer in both time and length scale, materials with longer
spin relaxation time are suitable materials to manufacture
spin valve devices.''' In the context of electron paramagnetic
resonance (EPR) spectroscopy investigations, it is commonly
observed that inorganic materials typically exhibit spin relax-
ation times on the order of ns. In contrast, organic radicals
have the capacity to significantly prolong this relaxation time,
extending it to the order of ps. Recent discoveries from the
Sirringhaus group have performed delaying the spin relaxation
even up to 200 ps scale in a doped thiophene oligomer, once
again proving organic radicals as suitable materials for spin-
tronic applications (Fig. 11b)."*?

View Article Online

RSC Applied Polymers

Organic spintronics has caught the attention of researchers
over the past two decades as a promising research field where
organic materials are applied to control or respond to a spin-
polarized signal. Spintronic devices are potentially computa-
tionally faster and less power-intensive than traditional elec-
tronic devices, because the relevant energy scale for spin
dynamics is smaller than that for manipulating charges
(Fig. 12a)."**"''* Notably, inorganic materials prove challenging
for spintronics applications due to their short spin-relaxation
time and length."" This can be attributed to their pronounced
larger spin-orbital coupling and hyperfine interaction, which
collectively hinder their potential in this field (Fig. 12b).
Therefore, conductive and paramagnetic radical polymers
arise as a suitable candidate for spintronic devices because of
their long spin relaxation time. For instance, the distance
between ferromagnetic electrodes in spin valve devices should
be designed in a smaller dimension than [, to maintain the
spin polarization within the device. Therefore, organic
materials, especially organic radical polymers with long spin
relaxation time are suitable materials for facile manufacturing
spin valve devices along with several additional advances to in-
organic materials, such as cost-efficiency, tunable mechanical
and chemical properties, low-weight, etc.'*®''” However, there
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(a) Molecular structures of the conjugated polymer PNVT-CN-8. (b) Device structure of the spin valves based on PNVT-CN-8. (c) Current—

voltage characteristics of the spin valves based on PNVT-CN-8 measured at different temperatures. (d) MR loops of all metal devices and the spin
valves based on PNVT-CN-8 measured at 100 K. (e) Current dependence of the MR ratios for the spin valves based on PNVT-CN-8 measured at
different temperatures. (f) MR loops of the spin valves based on PNVT-CN-8 measured under different currents at 300 K. Adapted with permission

from ref. 128. Copyright 2020 Wiley-VCH GmbH.
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are remaining issues to solve such as relatively low conduc-
tivity compared to metals that lead to conductivity mismatch
problems, which the pioneers in this field are consistently
making attempts to improve.

5.3. Tunnel magnetoresistance (TMR)

Organic radicals as a magneto-responsive material, have
prompted extensive research involving both experimental and
computational procedures. The initial results were demon-
strated by measuring the magnetoresistance (MR) of junctions
of single molecules, either in a monomer or oligomer form of
organic radicals. In general, MR can be expressed as the fol-
lowing equation,

(2)

MR = 100-§(%) _100. % R0
Ro o

while Ry stands for the resistance value in a field of B and R,
stands for the resistance at zero field. Because of the short dis-
tance in between the junction of two electrodes, the magne-
toresistance is caused by tunneling spin, therefore named
tunnel magnetoresistance (TMR)."*®''® For instance, Scheer’s
group has observed MR of TEMPO, verdazyl and nitronyl-nitr-
oxide based radicals attached to a conjugated oligo(p-phenylene-
ethynylene) (OPE) molecule (Fig. 13a). When TEMPO rad-
icals were attached, a MR of 287% was observed. These values
are at least one order of magnitude larger than the MR
observed in pristine OPE junctions, which typically exhibit MR
values between 2% and 4%.'?%'*' Furthermore, additional
studies have predicted up to 2500% MR in computational
results (Fig. 13b). The mechanism is explained from the
length-induced nonmagnetic to antiferromagnetic phase tran-
sition of the polyacene molecule, which proposes a valid way
to obtain considerable TMR in long molecular spin valves and
deserves further investigation in experiment.'> Furthermore,
by developing this class of study, recent results are demonstrat-
ing different magnetoresistance signals in various organic rad-
icals, so-called ‘magnetic fingerprints’, that can be tuned by
the mechanical strain between the junctions (Fig. 13c)."** The
results show that the open-shell structures are interesting
systems to study spin-spin interactions in solid-state devices,
and this may open the way to control them either electrically
or by mechanical strain. These findings collectively underscore
the remarkable potential of organic radical polymers in
pushing the boundaries of magnetoresistance technology,
offering prospects for revolutionary applications.

5.4. Giant magnetoresistance (GMR)

Spin valves incorporating radical polymers as spinterface
layers were engineered to quantify giant magnetoresistance
(GMR) values with the aspiration to pave the way for future
practical applications.’>*™*® In this type of measurement,
either doped conjugated polymers or donor-acceptor systems
were chosen due to their relatively higher conductivity com-
pared to non-conjugated radical polymers, to avoid conduc-
tivity mismatch problems and enhance their stability in
ambient conditions while the spinterface remains paramag-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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netic. In fact, researchers have designed and demonstrated
several low-bandgap donor-acceptor polymers that perform up
to a spin relaxation time of ~1 ps."*” By applying a similar
class of donor-acceptor polymer in spin valves Yu’s group
showed promising results for radical polymers to be a suitable
material for spinterfaces that imply GMR effects."”® In this
study, naphthalenediimide (NDI)-based conjugated polymer
PNVT-CN-8 containing 2,3-bis(thiophen-2-yl)acrylonitrile units
as a nonferromagnetic interlayer was studied as a spinterface
material. They determined that a negative MR does not result
from negative polarization at spin injection, but from the spin
transport inside the donor-acceptor polymer itself, widening
the capability of MR that radical polymers can perform from
positive to even negative responses (Fig. 14a-f). On the whole,
however, spin valve studies employing radical polymers are not
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well explored yet, with a low MR value (~1%) compared to
those of inorganic materials (~100%). However, considering
the benefits of organic materials to metal and possible appli-
cations such as flexible and transparent spintronics, we believe
this field is an interesting direction to study. In light of the
numerous benefits organic materials bring to the table, the
exploration of spin valve studies involving radical polymers
holds promise and invites further exploration in this captivat-
ing field of research.">*'3°

6. Conclusions and outlook

Numerous efforts in macromolecular design using radical
polymers have enabled researchers to influence various
solid-state  optoelectronic and spintronic applications.
Consequently, open-shell macromolecules have gained a solid
foundation and significant presence in these realms. However,
many foundational and applied principles still stymie the prac-
tical implementation of these promising materials in practical
devices. Therefore, now is an opportune moment to expand
the radical polymer community with the intention of reshap-
ing the fundamental aspects of material systems.

While vast prospects lie ahead for radical polymers, certain
areas deserve immediate attention. These opportunities might
be best achieved through the involvement of researchers with
diverse and complementary skill sets currently not present in
the radical polymers field. Specifically, the range of chemical
structures with open-shell characteristics integrated into
polymer frameworks has been fairly limited, even though new
systems such as doner-acceptor polymers are being developed.
For instance, the focus on nitroxide radicals in linking mole-
cular design to end-use properties has been dominant. While
there are valid reasons for this emphasis, it is unclear if nitrox-
ide-containing macromolecules truly represent the broader
class of materials. Furthermore, the position of nitroxide rad-
icals in terms of ultimate end-use performance remains uncer-
tain for many applications. Thus, there is an urgent call for
chemists, physicists, and engineers to embrace the challenge
of open-shell macromolecules to drive substantial break-
throughs in limits of macromolecular design (Fig. 15a).

Similarly, the characterization of radical-containing poly-
mers in solid-state applications has been hindered by their
typically amorphous nature. This has impeded efforts to estab-
lish connections between macromolecular design and nano-
scale attributes. Overcoming these issues requires advanced
characterization techniques and building upon previous suc-
cesses in this field. One way to overcome this issue would be
computational modeling, especially recent advances that con-
sider mass and electron transport, that can play a crucial role
in refining our understanding of transport in radical polymers
and establishing robust structure-function design principles.
New developments in machine learning offer the potential to
expedite the computational exploration of diverse radical-con-
taining polymer chemistries at mesoscopic scales. Another way
to address out the connections between design and nanoscale
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properties would be constructing materials with orientated
morphology, such as organic radical single crystals (or semi-
crystalline radical polymers) and organic-inorganic hybrid
materials. Crystalline materials will facilitate these studies in
focusing on radical-radical interactions, because distance and
morphology of radicals are known as the key factors of charge
and spin transport.

Finally, we highlight the emerging realm of diverse spintro-
nic investigations, such as chiral induced spin selectivity
(CISS). CISS materials introduce the intriguing prospect of
manipulating spin characteristics without the need for external
magnetic fields or exchange interactions with magnetic
elements.”*""** These materials, owing to their coiled chiral
structure, function as spin and optical filters, preserving time-
reversal symmetry and enabling localized electronic spin
control.”**3* This capability opens doors to innovative spin-
tronic device designs crucial for optical-quantum information
science.'® Notably, CISS materials have found recent appli-
cation in OLED technology, including a new generation of cir-
cular polarized luminescence (CPL) devices incorporating
magnetic fields, giving rise to a new division of spintronics so-
called ‘opto-spintronics’.’***° Considering this development
and the remarkable performances exhibited by radical poly-
mers in both optoelectronics and spintronics domains, syner-
gies between these areas hold substantial promise. This
concept of merging disciplines can eventually expand to com-
binations of two or more of these areas of electronic, magnetic,
and photonic applications (Fig. 15b).

In conclusion, the need for various research communities
to dive into open-shell macromolecules is evident, and it is
hoped that this endeavor provides the necessary context and
references to inspire growth in this field. This approach aims
to unlock the complete potential of radical polymers (and
organic radicals in a wider scope), in terms of groundbreaking
science and societal impact.
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