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The unique open-shell electronic structure of neutral m-radicals has inspired research on novel
molecular materials for over a century. In recent years, rapid development in carbon-centred n-radicals
has resulted in new molecular electronics technologies, record breaking organic light-emitting diodes
and other efficient energy applications. With the rapidly expanding literature in hand, it is not always
straightforward to draw conclusions from results across different fields to aid further materials
development. In this review, classification and design of neutral n-radicals are discussed and clarified in
relation to their electro-optical properties and different target applications. Factors such as type of
radical centre, steric effects and extent of conjugation, delocalisation and additional electron-donating
and electron-withdrawing groups synergistically affect the stability, electronic structure, energetics,
intra- and intermolecular spin—spin interactions as well as charge transport, optical and magnetic prop-
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1. Introduction

Neutral n-radicals are an intriguing class of materials where
absorption (optical excitation) and emission of light (radiative
relaxation) involve a spin doublet. They are inherently magnetic
due to their open-shell electronic structure with an unpaired
electron in their neutral ground state. The spin doublet has
long been utilised in a wide range of applications spanning
from molecular conductors and solid-state electronics,’? to
molecular and polymer magnetics,* spintronics™® and recently
to organic light-emitting diodes (OLEDs),”® just to mention a few
examples. Many n-radical structures are robust enough to allow
device fabrication by solution-processing and vacuum-deposition
techniques,® and chemical coupling of radical molecules onto
surfaces." The common feature is that optical, electronic and
magnetic properties of m-radicals can be tuned with subtle
changes in their conjugated environment by means of proper
molecular design. On the other hand, all these functions can be
modulated with an applied external stimulus, which has led to the
development of magnetic-field sensitive optics,” molecules with
thermally controlled spin states and radical pair interactions,'”""
new energy transfer pathways in light-harvesting'®> and OLEDs
delivering record-breaking efficiencies.™

Optical and electrical excitation and relaxation processes of
n-radicals are critical in all of their optoelectronic applications.
As for electroluminescence (EL), the spin doublet has a major
benefit over conventional organic closed-shell emitters in that
excitation to the doublet excited state (D;) and relaxation to the
doublet ground state (D) are totally spin-allowed processes,
thereby setting the limit of internal quantum efficiency (IQE) to
100%."* This provides a possibility to overcome the 25/75%
singlet/triplet (S;/T;) exciton formation ratio in organic closed-
shell molecules without leveraging the triplet excitons in
delayed emission, that is, via thermally activated delayed
fluorescence (TADF)'>'® and triplet-triplet annihilation (TTA)."”'8
Although these nonradical systems can efficiently convert “dark”
triplet excitons to “bright” singlets, long triplet lifetimes and
singlet-triplet (reverse) intersystem crossing ((R)ISC) may slow
their fluorescence down to hundreds of nanoseconds or even

(b)

View Article Online

Journal of Materials Chemistry C

microseconds (see Fig. 1 and ref. 8 for excellent discussion).
On the other hand, fast doublet emission process within nano-
second timescales (see Table S1, ESIf) is expected to reduce the
chance of exciton quenching and alleviate related issues in
device lifetime and efficiency, making stable n-radicals attractive
candidates for use in electroluminescent applications."®*°
Various design strategies have been applied to reach the
theoretical doublet exciton formation efficiency and to utilise
luminescent doublet excitons in different applications, as
exemplified by selected key works in this review. The unique
feature of open-shell radicals is that they are paramagnetic,
unlike closed-shell molecules that are diamagnetic, which
means that both their ground state and excited state can be
magnetically modulated. Furthermore, two or more interacting
radicals can couple either ferromagnetically or antiferromagne-
tically, which enables the construction of various types of
intramolecular and intermolecular diradical and polyradical
assemblies.>’*> Some interesting examples are highlighted in
this review. An important aspect worth mentioning is the
stability of the radicals. One common method to stabilise the
unpaired electron has been steric protection of the radical
centre with substantially bulky substituents. The spin-density
and energetics of the radical can be tuned with additional
electron-donating and electron-withdrawing functional groups.
Another successful strategy has been extension of conjugation
up to a point of fully delocalising the radical, which effectively
dilutes the spin-density typically in planar molecules. Both
methods and their successful uses are discussed in this review.
Carbon-centred n-radicals have been particularly successful
in optoelectronic applications because of the possibility to
stabilise the trivalent carbon either by steric protection or by
spin-delocalisation, as mentioned above. Despite the promising
progress in the field, however, it is still largely unknown how
far different radical structures can be chemically modified and
physically stressed without compromising their designed
electro-optical properties and long-term stabilities. It may also
be challenging to draw conclusions from the few success stories
across different fields, in other words, how applicable are
different types of n-radicals. The aim herein is to answer these
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Fig. 1 Jablonski energy diagrams illustrating optical and electrical excitations and some radiative and nonradiative relaxation pathways for organic (a)

open-shell molecules showing doublet—doublet (D;—Dy) fluorescence and
triplet—singlet (T;—So) phosphorescence.
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(b) closed-shell molecules showing singlet-singlet (S;—So) fluorescence and
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questions and provide some degree of clarification as to what to
consider when designing functional n-radicals.

Previously, excellent reviews have been published on various
types of molecular and polymeric radicals and their use in
organic electronics.>**® Synthesis and applications of unique
classes of N-heterocyclic radicals,””° boron containing
radicals,' graphene fragments,*** helicenes® and porphyri-
noids®® have been summarised elsewhere. This review focuses
specifically on carbon-centred neutral m-radicals and recent
advances in their design, synthesis, electro-optical properties
and applications, and provides critical consideration of the
challenges and prospects of future materials development. This
review provides a comprehensive overview of functional
n-radicals, not only those that have been proven successful in
applications, but also those that feature special characteristics
and potential from a stability point of view.

2. Carbon-centred =n-radicals, their
properties and applications

2.1. Bulky chlorophenylmethyl radicals

Gomberg’s studies on triphenylmethyl (trityl) radicals in early
1900’s were the first examples of carbon-centred neutral
n-radicals.>”*® The structure allows some degree of delocalisa-
tion of the unpaired electron, which makes it unstable and
results in dimerization of the radical in solution, as shown in
Scheme 1. The dimer is stable enough to be collected as solid
crystals. Various degrees of chlorine substitution at ortho-,
meta- and para-positions of the trityl phenyl rings was later
introduced by Ballester, Veciana et al**™** as a successful
method to obtain radicals that are stable for several months
under ambient air, light and moisture without any degradation
or side reactions. Specifically, the ortho-chlorine atoms induce
significant torsion of the phenyl rings about the radical centre,
effectively localising the spin-density mainly at the carbon
centre and simultaneously providing sufficient steric protec-
tion to prevent unwanted side reactions, for example, with
ambient oxygen. The meta- and para-chlorine substitution
effectively inactivate c-coupling reactions, i.e., dimerization of

the radical.
O Q@
@< — O]@<
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Trityl Trityl dimer

[HN-PyBTM]™*

[(C6F5)3BN-PYBTM]

Scheme 1
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TTM and PTM are the two most common examples of
chlorophenylmethyl radicals, largely due to their chemical
inertness, thermal stability up to 300 °C and well-known syn-
thetic methodology.*®> The hydrogenated precursors of TTM
and PTM (¢H-TTM and oH-PTM) can be synthesized in a matter
of hours via a single-step Friedel-Crafts reaction from chloroform
and 1,3,5-trichlorobenzene or pentachlorobenzene, respectively,
in the presence of AICl; as the Lewis acid.*' Deprotonation and
subsequent one-electron oxidation of the resulting carbanions
give TTM and PTM radicals in nearly quantitative yields
(Scheme 2a, middle route).*” A much harsher option is to per-
chlorinate triphenylmethane with strong chlorinating agents in
strongly acidic conditions (Scheme 2a, top route).***> Although
the latter route can be considered as the ‘‘first-generation”
method first reported in 1960’s, it has been applied to the
synthesis of various chlorophenylmethyl radical derivatives
aiming to either tune the spin-density or introduce additional
functional groups to the para-positions.***° The common
feature is that incomplete ortho-substitution makes the radical
susceptible to oxidation in air.

TTM, PTM and their derivatives are intrinsically chiral due
to the propeller-like torsion of the phenyl rings about the
radical centre.’>>" The radicals exist as racemic mixtures of
plus (P) and minus (M) enantiomers depending on their right-
or left-handed torsion, respectively." This means that it is
possible to obtain circularly polarized luminescence from
enantiopure radicals. Veciana et al.>>>* reported the first stu-
dies of circularly polarized emission properties of (P) and (M)
isomers of TTM and PTM radicals. PTM had a slightly higher
racemization energy barrier as compared to TTM, although
both radicals were stable against racemization at low tempera-
tures (—20 °C in tetrachloromethane solution). Recently, bromi-
nated derivative of TTM (TTBrM) was synthesized by the same
authors on the merit of increasing the steric bulk around the
radical centre, which in turn increased the racemization barrier
(no racemization was observed even at 60 °C temperatures).>®
The significant result was that (P)-TTBrM and (M)-TTBrM
could be used as stable circularly polarized emitters at room
temperature, which have been discussed in detail elsewhere.®”*
From a synthetic point of view, para-bromine substitution
may turn practical for functionalisation of TTBrM derivatives,

Z CICl

bisPyTM

trisPyM

trisZn

Chemical structures trityl radical and its chlorophenylmethyl derivatives.
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Kusamoto, et al. (2021)72

Scheme 2 Key synthetic steps for (a) TTM and PTM radicals and (b) PyBTM, bisPyTM and trisPyM radicals and their aH-precursors (DDQ = 2,3-dichloro-
5,6-dicyano-p-benzoquinone, NCS = N-chlorosuccinimide). Some repeating reaction steps are omitted for clarity.

as mentioned by the authors.”® However, it would be equally to TTM and PTM radical functionalisation could be selective para-

relevant to address the chemical inertness of the other bromine iodine substitution (3I-PTM, Scheme 2a, bottom route).”® lodination
positions, which is likely to be covered in their future works. In that  has also been shown to increase the radiative rate of PTM radical in
regard, Kuehne et al> used a similar strategy in their design of comparison to its chlorinated counterpart, which is significant
mixed-halide TTM derivatives that allowed site-selective radical when using PTM as the single emitter in the solid state (Table S1,
functionalisation and polymerisation, albeit admittedly with various  ESIf).>” We point out that, for simplicity, herein only one isomer is
degrees of dehalogenation in these reactions. An alternative pathway included in most cases and the structures are drawn planar.
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Another class of stable trityl radicals include pyridine as one
or more of the aromatic rings. Nitrogen atom at para-position
retains the chemical and thermal stability of PTM but ortho-
nitrogen renders the radical less stable and such compound
decomposes at temperatures above 200 °C.*® It goes without
saying that the pyridine nitrogen atom can be protonated in the
presence of strong acids, but only the para-nitrogen containing
structure is stable in its protonated form without impairment
of the radical character. Nishihara et al.>® have utilised this
special feature in modulated luminescence and electrochemical
redox reactions of PyBTM and its N-protonated counterpart [HN-
PyBTM|*", switched by protonation with p-toluenesulfonic acid
and deprotonation with triethylamine. The pyridine nitrogen
allows similar coordination of B(CeFs); as Lewis acid to give a
stable neutral radical [(CeFs);BN-PyBTM] (Scheme 1) that
features redshifted emission and increased electrochemical
reduction potential as compared to PyBTM (see Table S1, ESIT).°
This example demonstrates a straight-forward method to obtain
low-energy electron acceptors by reversible chemical modifica-
tion of n-radicals, although their primary use may be as stimuli-
responsive emissive materials. Analogous metal N-coordination
complexes of PyBTM have been developed to enhance the
emission efficiency and optical response to an external magnetic
field.**"®* Kusamoto and Kimura®® have provided an excellent
overview of related materials.

Magnetoluminescence (that is, magnetic field-sensitive
luminescence) of neutral n-radicals has been observed in oH-
PyBTM crystals (a-hydrogenated precursor molecule of PyBTM,
Fig. 2a) doped with various concentrations of PyBTM radical by
Nishihara et al.”®” Low doping concentrations (0.1%) delivered
emission selectively from PyBTM monomer, but high concen-
trations (10%) caused aggregation of the radicals and a broad
emission profile with two main peaks at 563 and 674 nm in the

Energy
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solid state. Ratio of the short-wavelength monomer and long-
wavelength excimer emission bands (originating from isolated
radicals and aggregated radical dimers, respectively)®® was
modulated under an applied magnetic field ranging from 0 to
14.5 T at 4.2 K (see Fig. 2d and Table S1, ESI{). Increasing
temperature counteracted the magnetic field effect. In other
words, the spin states of the radical dimers can be modulated
by both magnetic field and thermal energy. In the absence of
magnetic field, singlet ground state is mainly populated,
whereas population of triplet ground state increases with the
magnetic field (see Fig. 2b and c). As a result, the monomer
emission component increased with the magnetic field (via
increasing population of the triplet state associated with slower
decay rate) while the excimer emission diminished slightly (see
Fig. 2e and f and ref. 9 for mechanistic insights). This ground
state associated magnetic field effect can be counteracted by
thermal energy, as mentioned above. It is also distinctively
different from closed-shell systems where only the excited state
can be affected by a magnetic field. Simple n-radicals like
PyBTM enable novel approaches to the control of intermolecular
through-space spin-spin interactions, as they can be accessed
also in the ground state.

a-Hydrogenated precursors are generally regarded as ideal
host matrices for the corresponding n-radicals, because the
structural similarity of the two molecules makes them com-
patible and ensures that the m-radical is well dispersed in
the host matrix. Moreover, large spectral overlap of the host
emission and n-radical absorption typically enables efficient
energy transfer from the host to the n-radical, which is of
particular interest for luminescence in the solid state. For
example, Zhao et al® utilised the excimer emission of
aH-PyBTM microcrystals doped with PyBTM, and they were
able to control the polarization of photoluminescence (PL) via

. (d)
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(a) Chemical structures of PyBTM and aH-PyBTM. (b) Scheme showing the changes in spin sublevel populations in the ground state (green

dashed box), direct excitations to emissive states (magenta dashed box) and two excited states with different lifetimes (blue dashed box). (c) Population
distribution as a function of the applied magnetic field. (d) Emission spectra at 10% doping at 4.2 K under magnetic fields of 0-14.5 T. Emission decays and
corresponding fits at 4.2 K under magnetic fields of 0 and 14.5 T at (e) 563 nm and (f) 674 nm. Reproduced from ref. 9 under CC BY-NC 3.0 licence.
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a concentration- and temperature-sensitive exciton funnelling
scheme.

Two pyridine rings containing bisPyTM allows further tuning
of the electro-optical properties of its singly and doubly
N-protonated counterparts, but the synthesis of oaH-bisPyTM
precursor requires severe heating at 300 °C and results in a
minimal yield of ca. 1% (Scheme 2b, middle route).”%”"
In contrast, «H-PyBTM has been synthesized with practical
yields of 66% or so, followed by almost quantitative conversion
to a neutral n-radical (see Scheme 2b, top route).> trisPyM
incorporates three pyridine rings and it is the latest lumines-
cent derivative in this series (Scheme 2b, bottom route).”” The
strongest absorption band of trisPyM peaks in the UV-visible
region (molar extinction coefficient, ¢ = 19000 M~" ecm™" at
350 nm) and a weaker band tails beyond 600 nm (¢ =933 M ' cm ™"
at 518 nm, Table S1, ESIt) in dichloromethane solution, which can
be regarded as typical optical behaviour of chlorophenylmethyl
derived radicals. The low-energy band accordingly leads to the
lowest excited state (D, — D, excitation). The number of pyridine
rings had a direct impact on photostability. trisPyM had modest
photoluminescence quantum yield (PLQY) of 0.9% at 700 nm but
half-ife of its emission intensity (2.2 x 10" s) was about 2-4 orders
of magnitude higher than that of TTM due to its stabilised
(downshifted) frontier orbital energy levels (we note that the
reported half-lives also depend on the exact experimental setup,
see Table S1, ESIf, and the references therein). The trigonal
N-coordination chemistry of trisPyM was also utilised in the
construction of a polymeric two-dimensional zinc coordination
complex trisZn. For clarity, only one of the zinc coordinations is
illustrated in Scheme 1 (see ref. 72 for original representation).
Both trisPyM and trisZn were luminescent also in the solid state
when cooled to 79 K, although their emission quickly dimini-
shed at higher temperatures of 250 K or so. Emission of neat
bisPyTM and trisPyM radicals were unaffected by an applied
magnetic field, but reduction of the inter-radical interactions in
their respective one- and two-dimensional zinc coordination
polymers (through larger spin-spin separation) facilitated
solid-state magnetoluminescence at 4.2 K (Table S1, ESIf).”®
This was observed as increasing emission intensity under an
applied magnetic field of 15 T, but again was counteracted by
added thermal energy already at 20 K. Admittedly, this seems an
appealing approach to design well-structured macromolecules
with tuneable optical and electronic interactions and magnetic
responses for use as luminescent/nonluminescent switches.
However, covalently connected polyradicals may have a major
benefit over coordination polymers in that they are structurally
robust, thermally stable, easily processable and thereby widely
applicable in optoelectronics, as discussed later in chapter 2.5.

Li et al.”* replaced one of the trichlorobenzene rings of TTM
with carbazole in CzBTM (Scheme 3). This new type of neutral
n-radical featured improved thermal- and photostability as a
result of partial delocalisation of spin-density from the central
carbon atom and phenyl rings to the extended carbazole
structure. Optical excitation takes place between the carbazole
unit and the radical centre, which is characterised as charge-
transfer (CT) transition instead of the typical localised excitation

This journal is © The Royal Society of Chemistry 2022
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at the carbon centre of TTM and PTM radicals. In other words,
carbazole functions as an electron-rich donor (D) unit and the
central carbon with an unpaired electron naturally is an electron-
deficient acceptor (A) unit in the push-pull (D-A) type CzBTM
radical. The latter statement is supported by the observation
that TTM, PTM and their pyridine derivatives can be electro-
chemically reduced to their anionic forms (reversible one-electron
reduction), but they appear less able to undergo reversible
electrochemical oxidation reactions, much due to the high poten-
tials required to oxidise the radicals (see Table S1, ESIT). Addition
of a donor monomer is expected to stabilise the radicals by
introducing a low-potential oxidation site into the D-A molecules.
Replacing carbazole with its nitrogen containing derivative
B-carboline in PyID-BTM increased the radiative rate (k) and
decreased the nonradiative rate (k,,) of the radical, which is
observed as ten-fold PLQY increasing from 2.0% at 697 nm (for
CzBTM) to 19.5% at 664 nm (for PyID-BTM) in cyclohexane
solution (Table S1, ESI{).””> This comparison clearly highlights
the ease of tuning the electrical and optical properties of
n-radicals for different target applications.

Selective C-N coupling of carbazole to the para-position
of TTM has opened another versatile approach to synthesize
D-A type radicals, originally by Julia et al’®”® and later by
Li et al'’® Various degrees of carbazole substitution with
increasing electron-donating strength in TTM-1Cz, TTM-2Cz,
TTM-1BiCz, TTM-2BiCz and TTM-TCz (Scheme 3) has strength-
ened the CT character of the radicals and redshifted their
emission up to 689 nm with enhanced PLQY of 26% (for
TTM-TCz) in cyclohexane solution (Table S1, ESIT).”> Kuehne
et al.®® improved the PLQY of TTM-1Cz/TTM-2Cz/TTM-3Cz
series up to 87% in toluene solution, while slightly blueshifting
their emission wavelengths by introducing electron-withdrawing
cyano groups or bromine substituents to carbazole 2,7-positions
(for the latter structures S1-S3, see Scheme S1 and Table S1,
ESIf). However, the above question about inertness of the
bromine substituents remains. TTM-1Cz has been a pioneering
compound in the application of deep-red emitting radicals in
OLEDs.'*®" One reason has to be its relatively low molecular
weight and good thermal stability that allow device fabrication
via conventional vacuum deposition techniques. TTM-1Cz
radicals feature easily tuneable and ambipolar charge transport
properties (electron and hole mobilities up to 107> and
107 em® V! 57, respectively), which is excellent indication
of their suitability for organic electronics in general.®” TTM-1Cz
has also been used as a luminescent sensitizer for fluorescent
molecules in OLEDs and for TTA active molecules in photon
upconversion (UC) by ensuring appropriate D;-S; and D;-Ty
energy levels alignment in these two systems, respectively, by Li
et al.">® The latter example is shown in Fig. 3, where the
doublet-triplet energy transfer (DTET) from TTM-1Cz to 9,10-
diphenylanthracene (DPA) has been used to initiate the triplet-
triplet annihilation photon upconversion (TTA-UC) process in
solution, converting red light (excitation at 635 nm) into blue
light (emission at 432 nm) with a large anti-Stokes energy shift
of 0.92 eV. The benefit of n-radical sensitizer is that the doublet
exciton can be utilised directly in TTA-UC without requiring
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Scheme 3 Chemical structures of chlorophenylmethyl derived D—-A type radicals.

additional singlet-to-triplet excited state ISC like in conven-
tional closed-shell sensitizers, in other words, with significantly
reduced energy losses in the process. In general, TTM derived
D-A radicals typically show strong absorption close to the UV
edge of visible spectrum, while their PL is characterised with
large Stokes shift in the red spectral region. This feature
provides a unique wide spectral window for efficient TTA-UC
process with different TTA active molecules, perhaps also in the
solid state by using a highly luminescent radical sensitizer and
a well-suited host matrix. Teki® has reported an in-depth
discussion on the photophysics behind such systems.

Evans et al.®® designed a systematic series of TTM-xPyID
radicals, where x stands for nitrogen heteroatom either on a, f3,
v or d position (see Scheme 3). The non-alternant donor broke

7374 | J Mater. Chem. C, 2022,10, 7368-7403

the symmetry of the radicals and lifted the degeneracy of their
frontier orbitals. The presence of nitrogen heteroatom on the
donor increased the energy of the lowest excited CT state and
generally decreased the nonradiative decay rates compared to
TTM-1Cz.%® Degenerate optical excitations are deemed to limit
the luminescent efficiency of symmetrical radicals such as
TTM-1Cz (PLQY 5% at 687 nm in chloroform solution). The
non-alternant design boosted the TTM-xPyID series’ PLQYs
>90% and blueshifted their emission into the orange-red
spectral region at 611-643 nm in chloroform solution (Table S1,
ESIt). The same luminescent enhancement was also reflected
in the radicals’ OLED device performance, as shown in Fig. 4.
Overall, the simplicity of C-N coupling (heating in the presence
of carbonate base) has enabled the design of many more D-A

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Chemical structures of TTM-1Cz and DPA. (b) Illustration of TTA-based upconversion sensitized by doublet exciton. (c) Upconversion emission
spectra of TTM-1Cz/DPA with different incident power density of 635 nm laser in deaerated toluene. (d) Dependence of upconversion emission intensity
at 432 nm on the incident power density. The dashed lines are fitting results with slopes of 2.0 (blue) and 1.2 (red) in the low and high-power regions,
respectively. Reprinted (adapted) with permission from ref. 12 Copyright 2017 American Chemical Society.
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Fig. 4 (a) Device architecture for OLEDs based on the TTM-xPyID series. (b) EQE (external quantum efficiency)—current density. (c) EL spectra. Inset:
Photograph of the TTM-BPyID device. Reprinted by permission from ref. 85 under exclusive licence to Springer Nature Limited 2020.

type radicals that have found uses mainly in OLED applications, in other words, devices that are not limited by the 25 and
with a minor caveat that the reaction yields a mixture of singly, 75% singlet/triplet exciton formation ratio of organic closed-
doubly and triply coupled products lowering the yield of the shell emitters. This important discovery has motivated the
target molecule. However, such mixtures can be easily purified design of related TTM and PTM derived D-A radicals with
with conventional chromatography techniques.®”%® half-lives of emission intensity up to 9.1 x 10° s (for

Somewhat revolutionary coupling of carbazole from its PTM-3NCz, Scheme 3, Fig. 5¢, d and Table S1, ESIt), that is,
3-position to TTM using Pd-catalysed Suzuki-Miyaura reaction five-six orders of magnitude higher than those of TTM
afforded TTM-3PCz and TTM-3NCz radicals featuring strong CT and PTM radicals under same conditions.®>°® The greatly
excitation character and efficient emission of light after donor improved photostability is obtained by downshifting the
(3PCz/3NCz) to acceptor (TTM) charge transfer, as reported by singly occupied molecular orbital (SOMO) energy level below
Li et al™® These radicals were the first practical examples the highest (doubly) occupied molecular orbital (HOMO)
reaching the theoretical maximum 100% formation ratio energy levels, “so-called” non-Aufbau electronic structure (see
of emissive doublet excitons and IQE near unity in OLEDs, Fig. 5a and b).>'™**

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. C, 2022,10, 7368-7403 | 7375
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of theory. The two colours used for the electron wavefunctions distinguish the wavefunction phases. (c) Optical absorption and fluorescence spectra of
the PTM and PTM-3NCz radicals in cyclohexane solution. (d) Time dependence of the emission intensities (I) of the PTM and PTM-3NCz radicals in dilute

cyclohexane under 355-nm laser radiation. Reprinted by permission from

ref. 89 under exclusive licence to Springer Nature Limited 2019.
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radicals in cyclohexane solution (concentration: 10> M, excitation wavelength: 380 nm). Reproduced with permission from ref. 90 Copyright the Owner

Societies 2018.

Fig. 6 summarises the effect of donor group on the lumi-
nescent efficiency of TTM- and PTM-based D-A radicals. The
common feature is that the rigid fused-ring carbazole units in
PTM-PCz and PTM-3PCz decrease the nonradiative decay rate
of the radical, as compared to the triphenylamine (TPA)
substituted PTM-TPA. Although structural rigidity somewhat
weakened the electron-donating ability of the donor groups,
it also decreased the nonradiative back-electron transfer of
the radicals and ultimately enhanced their PLQYs. On the
other hand, smaller torsion angles between the donor and

7376 | J Mater. Chem. C, 2022, 10, 7368-7403

acceptor (i.e., radical) groups enhanced the CT character of
the D-A system and, again, led to improved luminescent
efficiency. These factors combined, PTM-3PCz showed the
smallest calculated torsion angle (78.8°), which was reflected
in the strongest experimental low-energy absorption band
(2680 M™' em ! at 606 nm) and highest PLQY (57% at
679 nm, Table S1, ESIt). Same trend was observed for the
corresponding TTM series, albeit with decreased torsion
angles. This comparison once again shows that introduction
of donor substituents into TTM and PTM radicals not only

This journal is © The Royal Society of Chemistry 2022
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enhance their PLQYs but also improve their photostabilities
by orders of magnitude.®”

Design of D-A type n-radicals has not only been adopted in
OLEDs, but the same concept has been used in optically active
electron transfer radicals incorporating TPA as the electron-
donor (oxidation site) and PTM radical as the electron-acceptor
(reduction site). Lambert et al.*®°* varied the distance between
the two redox centres by coupling TPA to the radical either
directly or through an ethylene or acetylene bridge. Radicals
with spatially (and energetically) separated redox centres under-
went optically induced donor-to-acceptor electron transfer
and transition from the neutral ground state to a stable
zwitterionic excited state, but with exchanged donor and
acceptor characters. Further studies allowed tuning of radiative
and nonradiative back-electron transfer of PTM-TPA radical by
varying the donor strength of TPA unit with electron-donating
and electron-withdrawing substituents.”> Electron-donating
substituents (such as 4-methoxy side chains in PTM-TPA”,
Scheme 3 and Table S1, ESIf) stabilised the excited state
leading to redshifted CT absorption band in the NIR region,
but the same operation rendered the radical poorly emissive.
Electron-withdrawing substituents reduced the rate of non-
radiative back-electron transfer leading to enhanced emission
from the CT state (PLQY up to 37% at 725 nm in cyclohexane
solution, structure S4, Scheme S1 and Table S1, ESIt). This
example highlights that doublet CT state as the lowest-energy
excited state has a clear advantage over closed-shell D-A
systems where relaxation to low-lying triplet states add another
nonradiative pathway.”>*® Strong CT absorption in the NIR
region could be utilised in molecular storage and switching
devices and in solar energy conversion. PTM-based D-A
radicals incorporating acetylene-bridged TPA donors undergo
two-photon absorption which is another interesting feature of
neutral n-radicals for potential use in organic photovoltaics.>®
Winter and Breimaier”” further increased the donor strength
of TPA by introducing 4-dimethylamino substituents in

View Article Online
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TPAN-PTM or by fusing the TPA group into a planar conforma-
tion with oxygen bridges in TOTA-PTM. Both operations
lowered the energy gap between the neutral radical and the
zwitterionic excited state, which could be observed as excep-
tionally redshifted (albeit relatively weak) low-energy absorp-
tion at 973 nm (3200 M~ cm™ ') and 819 nm (1600 M~ cm ™)
for TPAN-PTM and TOTA-PTM, respectively, in dichloro-
methane solution (see Scheme S1 and Table S1, ESIT).

Beverina et al.”® reported the first demonstration of PyBTM-
based D-A structures for use as luminophores in luminescent
solar concentrators (LSCs), where by default the radicals must
be thermally and photochemically stable (Fig. 7). One major
benefit of using m-radicals in these types of devices is their
generally weak low-energy absorption bands and large Stokes
shifts (Scheme S1 and Table S1, ESIt), which translate to
minimal reabsorption losses allowing scale-up of thin film
LSC technology. From a synthesis perspective, the authors used
an intriguing water-based micellar Suzuki-Miyaura reaction
motivated by sustainable chemistry and selective coupling at
the para-chlorine atoms on PyBTM. Three different D-A struc-
tures, that is, doubly phenyl, 6-methoxy-2-naphthyl and
9-phenanthryl substituted PyBTM were isolated in 63, 50 and
35% yields, respectively. Micellar catalysis certainly is a promis-
ing approach to clean coupling of chlorophenylmethyl radicals,
but the somewhat modest yields in this example may hinder its
use in the synthesis of larger oligo- and polyradicals, especially
when the solubility starts to play a larger role in the reactivity
(this is probably the reason for lower yield in the case of
9-phenanthryl substituted radical). It would be interesting to
see further progress on this type of radical chemistry from the
authors or other groups.

A structural isomer of PyBTM, PyBTM” with a nitrogen atom
on meta-position, and its D-A structured mono-, di- and trir-
adical derivatives incorporating a TPA donor and 1-3 PyBTM”
acceptors were introduced by Lambert et al.*® (structures $5-57,
Scheme S1 and Table S1, ESIf). Unlike the typical doublet

(b)
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Fig. 7
under CC BY-NC 3.0 licence.
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(a) Synthesis of PyBTM derived D—A type radicals ((a) reaction was performed at 80 °C). (b) Working principle of an LSC. Reproduced from ref. 98
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ground- and excited states of monoradicals, diradicals were
most stable in singlet state regardless of their side chain
substitution. Triradicals adopted spin doublet. The general
observation is that more radical centres enhanced both one-
photon CT absorption and two-photon absorption bands in the
NIR region. The radicals were also NIR-emissive and functional
in OLEDs, demonstrating that devices can be fabricated from
radicals with different spin multiplicities.”® Switching PyBTM
nitrogen atom from para- to meta-position generally enhances
the solid-state emission even at room temperature (see struc-
ture S8, Scheme S1 and Table S1, ESIT).'° Hattori et al'*'
coupled different aryl substituents to the meta-positions of
PyBTM. Electron-rich thiophene and furan rings changed the
localised electronic structure of PyBTM into D-A type systems
whose photostabilities were enhanced, albeit with concomitant
emission quenching effects (structures S9 and S10, respectively,
Scheme S1 and Table S1, ESI+t).

Nishihara et al.'® applied the above discussed reversible
protonation of PyBTM to electron transfer reactions in
ethylene-bridged TPA-R® radical and its N-protonated counter-
parts TPA-[RH]*" and [TPA]*'-RH (the latter two structures are
shown in Scheme 3). Neutral TPA-R® radical featured SOMO-
HOMO converted non-Aufbau electronic structure and stable
emission from the CT state at 910 nm in cyclohexane solution.
However, protonation of the radical site with trifluorometha-
nesulfonic acid enabled modulation of the frontier orbitals of
TPA{RH]*" by increasing its reduction potential, in other
words, by making the radical stronger of an acceptor (see
Scheme S1 and Table S1, ESIf). The SOMO-HOMO converted
electronic structure was conserved but its emission was greatly
suppressed in the protonated form. Addition of excess acid
(>200 equiv.) triggered electron transfer from TPA to the
radical site generating [TPA]**-RH radical. Electron transfer
between these two states could be switched by changing the
acid concentration, which certainly provides an interesting
approach to stimulus-regulated electro-optical mn-radicals and
their design.

An interesting addition to the discussion herein is coupling
of two PTM radicals through para- and meta-divinylbenzene
bridges by Veciana et al.’®>'** Such neutral diradicals have very
weak or negligible electronic interaction between the two
unpaired electrons because of their large through-bond separa-
tion of ca. 24 and 23 A (see structures $11 and $12, respectively,
Scheme S1 and Table S1, ESIt). We note that radical pairs with
negligible or nearly negligible electron exchange interactions
are also called “biradicals” in the literature, but we use a single
term “diradicals” for consistency.’®'®® The lowest-energy
optical absorption of the diradicals is roughly twice as intense
as that of their corresponding monoradical (S13, ESIf) -
originating from the two radical centres, that is, two doublets —
making them distinctively different from interacting diradicals
discussed later in chapter 2.4. However, PTM diradicals are
redox active as discussed above, and electrochemical one-
electron reduction of the para-bridged molecule generates a
radical/anion pair that behaves similarly to the D-A pairs
discussed in this chapter. A new NIR absorption band peaking

7378 | J Mater. Chem. C, 2022, 10, 7368-7403
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at 1400 nm originates from intramolecular electron transfer
between separated anion and radical redox centres. Charge trans-
fer in PTM anion/radical pairs has been observed even through
extended oligothienylenevinylene spacers up to 53 A7
Bis(phenylene)diyne bridges suppressed inter-radical inter-
actions but, interestingly, PTM radicals proved effective in
stabilising positive charges in the bridging units by forming
quinoidal ring segments.'® Electrochemical control of stable
radical/radical, radical/anion and radical/cation pairs could
perhaps be a versatile approach to obtain D-A radicals with
switchable and strong optical responses.

2.2. Non-chlorinated anthryl, cyclopentadienyl, fluorenyl and
dicyanomethyl radicals

A chlorine-free approach to stable carbon-centred n-radicals is
attractive in many ways: from synthetic perspective to avoid
harsh chlorination reactions and possible dehalogenation
during coupling reactions or spontaneously over time, and
from applications point of view considering the cost, (bio)-
compatibility and environmental impact of the end products.
Trityl radical is unstable, as discussed in previous chapter, but
increasing the steric bulk around the radical centre with
anthryl structures in TAntM (Scheme 4) has provided excellent
stabilisation that compares to those of TTM and PTM.**4110
Nishiuchi, Kubo et al.'*° synthesized mesityl-protected TAntM
radical (1) and its cationic form by employing a high-yielding
Negishi coupling reaction. The radical was stable under ambi-
ent conditions for at least one month. It showed strong
absorption in the visible spectral region but a very weak NIR
band peaking at 1020 nm in dichloromethane solution (see
Fig. 8 and Table S1, ESIT). In contrast, the cationic form of 1
showed an intense and broad absorption at 900 nm in trifluor-
oacetic acid (the cation was generated in acidic conditions from
the same intermediate as the radical, see ref. 110 for details).
Leaving one of the anthryl groups unprotected resulted in
o-dimerization of radical 1’ from 10-position (Scheme 4), which
is distinctively different from the head-to-tail coupling of trityl
radical (Scheme 1). Dimerization of 1’ was pronounced even in
dilute solution (10°-10"* M) and 1’, was isolated with good

@
O,

1 (R = Mes)
1" (R=H)

c-Dimer 1'y

Scheme 4 Chemical structures of anthryl derived radicals.
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Fig. 8 (a) Calculated spin density map of 1. The white and black surfaces
represent o and B spins, respectively. (b) Cyclic voltammogram (CV) of 1.
Measurement conditions: 0.1 M n-BusNPFg in CH,Cl,, scan rate =
100 mV s~ UV-Vis-NIR spectra of (c) 1 in CH,Cl, (inset: expansion from
600 to 1250 nm) and (d) its cationic form. Reproduced with permission
from ref. 110 Copyright 2018 Wiley-VCH Verlag GmbH & Co.

yield of 65%. Highly congested propeller structure of TAntM
scaffold provided superior steric protection of the radical centre
but the spin density was somewhat delocalised to the anthryl
groups (see Fig. 8a). Hence, cutting off further conjugation by
large twist angles of the mesityl groups was necessary to
stabilise the radical. Another interesting observation is that
the TAntM propeller transits between two helicities (P and M).
Dimerization was suggested to occur readily at room tempera-
ture through a quinoidal transition state, 10.2 kcal mol *
relative to the ground state, which would explain the differen-
tial dimerization chemistry of 1’ and trityl radicals. Equilibrium
of dimerization of TAntM (and 1) is towards the dimer because
it is stabilised by 18.0 kcal mol ' energy difference to the

o

Fluorenyl (R = H)
3 (R = Phenyl)
4 (R = Mes)
5(R=CN)

9 c-Dimer 9,

o %.3
g0 @0
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ground state radical. Electrochemical redox reactions are rele-
vant for applications in electronics. The mesityl-protected
radical 1 showed reversible oxidation and reduction waves
(Fig. 8b), whereas oxidation of 1’, caused dissociation of two
monomeric cations."'® It would be interesting to see if the
strong optical contrast between 1 and its (chemically prepared)
carbocation could be obtained by stable electrochemical redox
switching too, of interest for electrochromics and related
applications. Latest contribution from the same authors includes
a triisopropylsilyl (TIPS) ethynyl substituted TAntM radical that
was stable in air for a month or so, which compares to the
stability of 1 despite being less sterically congested (structure $14,
Scheme S1 and Table S1, ESIH).*™

Cyclopentadienyl is perhaps the simplest n-radical centre,
but its high reactivity towards oxygen has hampered its use in
practical applications.""*™'* Kitagawa et al.'*>''® introduced
cyclopentadienyl radicals that were fused with two homo-
adamantene frameworks. Their stability was improved by the
addition of bulky phenyl substituent in an allyl-like radical 2,
which could be stored as crystalline solid for a week or so
without decomposition in air. Perhaps in-depth optical studies
will follow, although 2 was very air-sensitive in solution much
like other cyclopentadienyl radicals.'®

Fluorene structures have been a common base for n-radicals
alongside triphenylmethyls."'”"**° The simple fluorenyl radical
is reactive towards oxygen but introduction of bulky groups
such as phenyl and mesityl in 3 and 4, respectively, or an electron-
withdrawing cyano group in 5 have greatly improved its stability
by steric effects and spin delocalisation (Scheme 5).''97*!
Extension of the n-system enabled the synthesis of BDPA radical
and its derivatives with electron-donating and electron-with-
drawing substituents at the para-position of the phenyl ring, first
by Koelsch'®? and later by Fox et al.'** and Swager et al.">* The
spin density is effectively delocalised between the two fluorenyl
groups and BDPA has been reported to be stable to oxygen in
both solution and solid state.'**'** However, its photoreactivity
results in various oxidation products which seriously limits the
utility of the radical, especially in view of organic electronic
applications. It is a shame because BDPA exhibits similarly strong
NIR absorption band (¢ = 1580 M~ " cm™* at 859 nm) as the CT

(SONa),

(SO3Na),

w(Na0s8)"—

\//

n(NaO3S) (SO3Na),

o-Dimer 11, 12

Scheme 5 Chemical structures of cyclopentadienyl and fluorenyl derived radicals.
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absorption of D-A radicals like PTM-TPA” (¢ = 1300 M~ cm ™"
at 787 nm) and significantly stronger than that of 1 (¢ = ca.
250 M~ ' em™ " at 1020 nm), although the band in visible region
dominates the absorption of BDPA (see Table S1, ESIf).%>!1%123
Addition of water-solubilising carboxylic acid groups in 6 and
different amounts of sulfonate groups in 7 (Scheme 5) allowed
dynamic nuclear polarization studies in aqueous solutions by
Swager et al'>*'?° The radicals were unaffected by the ionic
substituents and their absorption profiles in aqueous solutions
closely resembled that of BDPA in dichloromethane solution.*
BDPA radicals are commonly regarded as air-stable but, recently,
Sigurdsson and Mandal*” revealed that they undergo decom-
position under various conditions excluding low temperatures at
—80 °C or so. Dimerization was one of the main degradation
pathways. BDPA-nitroxide diradicals have been of interest in
the dynamic nuclear polarization field,"**'*” and addition of
quaternary ammonium groups into BDPA has improved their
persistence and made them water-soluble.*®

Swager et al.'*® extended the m-conjugation in a planar
truxene-based radical 8. The spin density was more delocalised
than in other examples discussed here so far, but large portion
of the spin was localised on carbon-5 position (see Scheme 5).
Introduction of mesityl groups aimed to protect the radical site
but when the solution of 8 in dichloromethane was exposed to
air, it decomposed completely during 24 h and its half-life was
estimated to be ca. 5.8 h. However, it is noteworthy that the
radical could be stored intact for several months in solid state
under inert atmosphere. Structural rigidity of the truxene core
enhanced the absorption of 8 (¢ = 2720 M~ ' cm™" at 626 nm,
Table S1, ESIt) compared to BDPA. Despite the remaining
stability issues, these works stand as great examples for other
fields in terms of design of electro-optical m-radicals that
absorb light in the low-energy spectral region and are also
water-soluble.

Kubo et al.*° improved the steric protection of fluorenyl
radicals by coupling 9-anthryl group to dibenzofluorenyls in
9-11 (Scheme 5). Excessive steric congestion provided kinetic
stabilisation of the radical centre, while thermodynamic stabi-
lisation was obtained by extending the fluorene n-conjugation
with additional benzene rings. Interestingly, 9 was isolated as
crystalline o-dimer 9,, whereas 10 could be obtained as an
unassociated monoradical. Reactivity of 11 was dependent on

£t
&}/ &} d

f \ 15000 <
4 10000
}" Tf‘ 5000 4
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the environment and it could be obtained as monoradical from
hexane. When recrystallized from polar solvent the radical
dimerized from 10-anthryl position to give o-dimer 11,. The
difference in reactivities of 9-11 arises from their different spin
distributions and steric protection due to the varied positions
of the benzene rings. In 9 and 10 the spin density is mainly
delocalised within the dibenzofluorenyl moiety, whereas in 11
some of the spin is distributed onto the anthryl group making
the 10-position particularly reactive (Fig. 9). The dimerization is
reversible and the monoradical could be reproduced by dis-
sociation of the dimer in solution. In fact, the energy difference
between 11 and 11, is just 0.1 kcal mol " in favour of the dimer
(see ref. 130 for original representation of the transition states
of dimerization). Optical absorption was commonly weak in the
NIR region. 9 displayed a very weak lowest-energy band peaking
at 1220 nm in dichloromethane solution (& = ca. 1000 M ' cm ™)
whereas for 11 the band was barely detectable (see Table S1,
ESIY), in both cases due to weak electronic transitions from the
naphthalene delocalised orbitals to the fluorenyl radical centre.
10 showed totally different optical activity as the lowest-energy
transition originates from CT transition from anthryl group
to dibenzofluorenyl, which was observed as strong and blue-
shifted absorption at 669 nm (¢ = 2100 M~ ' cm ™', Table S1,
ESIt). Although 10 showed superior persistence towards
dimerization, it was more easily oxidized than the other radicals.
Hence, half-lives of 9, 10 and 11 in toluene solution open to air in
dark were 7, 3.5 and 43 days, respectively. This is clear improve-
ment to the stabilities of above discussed fluorene derived
radicals, but significant design efforts are still needed to obtain
truly robust derivatives and to utilise fluorenyl radicals in mean-
ingful electro-optical applications.

Porphyrins are known for their strong optical absorption
which has been utilised in controlled spin dynamics of meso-
coupled BDPA-zinc porphyrins.'*" Partial delocalisation of spin
density of fluorenyl radical onto meso-coupled smaragdyrin has
been another promising approach from optics perspective.
An interesting observation is that 12 featured two reversible
electrochemical reduction reactions at remarkably high poten-
tials (see Table S1, ESIt), implying low energies of its unoccu-
pied frontier orbitals that would be easily accessible for n-type
doping. In fact, chemical reduction (and oxidation) reactions
could be optically observed as switching between strongly

40000
35000
30000 1
< 25000 4 |

20000

1400

800 1000 1200 1400
Wavelength / nm

Fig. 9 Spin density maps of (a) 9, (b) 10 and (c) 11 calculated with UBLYP/6-31G**//UB3LYP/6-31G** method. Red and purple surfaces represent a.and f§
spin densities drawn at 0.004 e a.u.* level, respectively. (d) UV-Vis-NIR spectra (1.0 x 10™* M in CH,Cl,, room temperature) of 9 (black line), 10 (red line),
and 11 (blue line). Inset shows a magnified view in the NIR region. Reprinted (adapted) with permission from ref. 130 Copyright 2014 American Chemical

Society.
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NIR-absorbing neutral radical 12 (above 30000 M~ " cm™*
824 nm) and its weaker absorbing anionic (and cationic) forms,
respectively, as estimated from the absorption spectra in Table
S1 (ESIt)."*? Although the negative charge of the reduced
species was assigned mainly to the fluorenyl unit (while the

at

positive charge of the oxidised species was mainly distributed
through the smaragdyrin macrocycle), the electrochemical
reduction potential of 12 is by far higher (less negative)
than for any other fluorenyl radical discussed in this chapter.
Half-life of the radical in solution was close to 10 days under
ambient air and light, that is, without any protection from
photooxidation."** Some degree of n-delocalisation may well be
the key to obtain fluorene derived radicals that are chemically
and optically stable under ambient conditions, as exemplified
with few promising structures in this chapter.

Winter et al.**"° and Seki et al'®"**'*! have taken a
different approach and utilised the stabilising effect of electron-
withdrawing dicyanomethyl group in their design of carbon-
centred aryl dicyanomethyl radicals. Unsubstituted aryl dicya-
nomethyls undergo irreversible head-to-tail dimerization,
but para-substitution is an effective method to prevent such
coupling, as first introduced by Seki et al'*®'*' and later
studied by Winter et al."*>"*” The para-substituted radical 13
is remarkably thermally and air stable (for 12 months or so) and
interestingly it can be reversibly switched between dissociated
radical and associated c-dimer forms by heating and cooling
the sample, respectively, within a temperature range of 5-95 °C
in toluene solution. Stronger electron-donating substituents
(such as dimethylamino or methoxy groups, Scheme 6) stabilise
the radical leading to weaker bonding interaction, whereas
weaker electron-donors or electron-withdrawing substituents
(such as phenyl or cyano groups, Scheme 6) lead to stronger
tendency to form o-dimer 13,.'*

Julolidine skeleton 14 (Scheme 6) locks the amino nitrogen
in a planar conformation, effectively increasing the spin delo-
calisation within the radical and suppressing its c-dimerization.
However, on cooling 14 undergoes reversible head-to-tail

R@—(?N Cool NS DR
CN Heat R—<_> oN
13 (R = N(CCH3),, _
OCHjs, CgHs, CN) c-Dimer 13,
NC.e CN
NC.e
Cool NCFC%@
Heat =, °.CN
14 n-Dimer 14,
NC.e CN NC.e CN NC.e CN NC.e CN
<E( O~eHpr© O~eHaz®
OCHs OCHj, N N
15 (n = 2-6) 16

Scheme 6 Chemical structures of dicyanomethyl derived radicals.
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n-dimerization with very weak bonding interaction (n-dimer
14, is stabilised by less than 1 kcal mol " versus the disso-
ciated radical).”®”""**'*! winter et al.'®” pointed out that
although both o-dimers and n-dimers are diamagnetic and
electron paramagnetic resonance (EPR) silent, only o-dimerization
breaks the m-conjugation. As a result, o-dimers are generally
weaker absorbers in the visible spectral range than their parent
radicals, whereas n-dimers typically feature strong absorption
from the visible to the NIR region. Seki et al.'® have utilised this
property in their design of dicyanomethyl dyes bearing a
coplanar triphenylamine skeleton and showing thermochromic
operation, that is, optical switching between strongly NIR-
absorbing radicals and their weakly absorbing c-dimers. An
interesting feature is that the two states showed weak visible
absorption and almost no perceptible colour change, especially
in the case of O2DP radical (Fig. 10a). The reversible switching
of the fused triphenylamine containing O2DP correlates with
the smaller negative dimerization enthalpy and reduced Mulliken
atomic spin density on the central carbon of the dicyanomethyl

-
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Fig. 10 (a) Variable-temperature UV-Vis-NIR absorption spectra of O2DP

radical (1.0 x 10™* M in toluene). The jagged spectral shapes around
1150 nm are due to the artefacts (see ref. 10 and the supporting informa-
tion therein). (b) Plot of the change in experimental enthalpy upon
dimerization vs. calculated p. of para-amino-substituted radicals
[UB3LYP/6-31G(d)], including the chemical structures of O2DP and related
dicyanomethyl radicals. Reprinted (adapted) with permission from ref. 10
Copyright 2019 American Chemical Society.
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group (p.). A compound with lower p. tends to form a weaker
intermolecular C-C bond, in line with our discussion
above."**'*! In fact, the calculated p. of O2DP (0.426, Fig. 10b)
was slightly smaller than that of 14 forming n-dimer (0.438)."°
This comparison may be helpful for the design of other
n-radicals that undergo desired/undesired o- or n-dimerization.

Winter et al.*** took another interesting step towards radi-
cals that are tethered together with an aliphatic side chain at
the ortho-position (with varying alkyl chain lengths, see
Scheme 6). Unpaired diradicals 15 and 16 featured closely
similar dimerization behaviour than their monoradical coun-
terparts 13 and 14 in solution, respectively, but tethered
diradicals like 15 can be switched between the two states with
better temperature response also in the solid state in air.**® The
latest strategy to stabilise aryl dicyanomethyls electronically
involves conjugation of formally antiaromatic substituents to
the radicals, so as to allow mixing of the high-energy antiaro-
matic n-orbitals with the radical SOMO and formation of a low-
energy zwitterionic state. This stabilisation effectively reduced
the dimerization association constant of the radical. Moreover,
radical 17 (containing an oxygen-bridged phenoxazine donor)
differed from the typical head-to-head dimerization mode of aryl
dicyanomethyls; it preferably formed an ortho-ortho ring c-dimer
(Fig. 11a) because mixing of the zwitterionic state caused signifi-
cant spin delocalisation into the naphthyl ring. Theoretical calcu-
lations further suggested that the ortho-ortho dimer of 17 is
energetically stabilised by attractive London dispersion forces
not present in the head-to-head dimer (see Fig. 11b)."*® These
observations link back to Chapter 2.1, where similar oxygen-
bridged donor structure was used to stabilise a D-A type TOTA-
PTM radical, but without evident mixing of a zwitterionic state.””

Other dicyanomethyl substituted structures like carba-
zole and indolo[3,2-b]carbazole diradicals undergo reversible

B98/6-31G(d,p)
B97D/6-31G(d,p)

AE = -1.2 kcal/mol
AE = -14.3 kcal/mol

Fig. 11 (a) Computed relative electronic energies in gas phase for the
head-to-head (left) and ortho—ortho (right) o-dimer of 17 with the same
functional, but one (B97D) including a dispersion correction. (b) Non-
covalent interactions plot showing dispersion interactions (isovalue = 0.5;
—5 to 5 a.u.) derived from the reduced density gradient showing larger
dispersion interactions for the ortho—ortho dimer. Favourable dispersion
interactions are shown with green and unfavourable steric interactions
with red. Reproduced with permission from ref. 138 Copyright 2021 Wiley-
VCH GmbH.
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formation/dissociation of o-bonded cyclic aggregates (c-tetramers
and o-dimers) in a similar fashion on cooling and heating,
respectively. Their special feature is that the dissociation can be
also achieved mechanically in the solid state by applying pressure
in the few GPa range, as studied by Delgado et al."**"'** Otsuka
et al.'™ tethered tetraarylsuccinonitrile in a polystyrene chain
to suppress the recombination of its dissociated radical form.
Mechanical grinding of the solid sample generated a pair of
dicyanomethyl radicals (dissociation ratio was approximately
5%) that were stable in air and showed unusually high-energy
emission in the yellow spectral region. The stabilisation effect
was lost in solution due to reversible recombination of the
radicals. On the other hand, the reversible switching was
successfully utilised as a visual sign of stress caused by polymer
crystallization (yellow fluorescence was observed because
of micro-mechanical dissociation of dicyanomethyl radicals
during crystallization of polycaprolactone) by Otsuka and
co-workers. *® Reversible switching between open-shell radical
and closed-shell o-dimer (or n-dimer) may find uses in thermo-
chromic, mechanochromic and other stimuli-responsive appli-
cations with optical and magnetic contrast, which is also an
appealing and, to the best of our knowledge, an unexplored
aspect in the field of organic optoelectronics. However, signifi-
cant research efforts are still needed to merge the superior
stability of chlorinated radicals like TTM family, the reversible
electrochemical redox reactions of sterically congested radicals
like TAntM derivatives and the strong NIR absorption of
delocalised/less protected radicals like porphyrins and smar-
agdyrins, but in a non-chlorinated metal-free structure. We next
address some of these aspects and take a closer look at spin-
delocalised radicals, their dimerization modes and optical
absorption and redox properties.

2.3. Spin-delocalised carbon radicals

Effective conjugation has been the basis of materials design for
organic electronics, but unlike sterically protected carbon-
centred radicals, delocalised m-radicals are prone to dimerise
by c-bond formation.'*”'*® Phenalene is a commonly used
planar platform where the unpaired electron is stabilised by
delocalisation over the SOMO orbital over six identical carbon
atoms, as schematically illustrated by the Hiickel molecular
orbital model in Scheme 7.'**'*° The spin-delocalised structure
provides thermodynamic stabilisation, but phenalenyl radical
exists in equilibrium with its o-dimer in solution and the
radical undergoes rapid oxidation in air without extensive steric
protection or electronic stabilisation.'***>"'*? Steric protection
(e.g., by means of tert-butyl substitution in 18), addition of
heteroatoms (one or more nitrogen atoms in the n-system) or
electron-withdrawing substituents (such as cyano or carbonyl
groups) are required to isolate the radical in the solid
state.'®*'>® Positioning of the substituents affects the spin-
delocalisation and aromaticity of phenalenyl radicals; o-cyano
or carbonyl substitution seems to provide superior stabilisation
by extending the anti-aromatic (allylic) character of the radical
centre. Bulky substituents on B-carbon atoms have less effect
on the electronic structure (the 2,5,8-positions are nodes in the

This journal is © The Royal Society of Chemistry 2022
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Scheme 7 Chemical structures of phenalenyl and triangulene derived radicals (R groups are omitted from the resonance structures for clarity).

SOMO, see Scheme 7) but they provide kinetic stabilisation
inhibiting the energetically favoured c-dimerization.**'>*">® 1t
is interesting to note here that while steric hindrance effectively
suppresses o-dimerization of phenalenyl radicals (making
n-dimerization favourable), the same operation makes
c-dimerization favourable for planar dicyanomethyl radicals
(suppressing m-dimerization), as discussed in the previous
chapter.'®

Phenalenyls are further stabilised by formation of n-dimers
in their crystalline state, and the intermolecular interactions
are also beneficial in obtaining enhanced (strongly allowed)
optical absorptions. For example, the low-energy absorption
band of dissociated phenalenyl radical (peaking at 595 nm) in
dichloromethane solution was enhanced up to 200-fold as
a result of n-m stacking at low temperatures (Fig. 12a and
Table S1, ESIT) as demonstrated by Kochi et al.>* Close stacking
of two paramagnetic radicals forms a n-dimer where the
SOMOs are partially shared between the two molecules making
the dimer diamagnetic (closed-shell), yet strongly absorptive
due to the allowed intermolecular HOMO-LUMO transitions
(HOMO and LUMO are formed by bonding and antibonding
combinations of the overlapping SOMOs of the two radicals,
see Fig. 12b). On the other hand, inter-radical distance defines
if the n-dimer is characterised as a closed-shell species or an
open-shell diradical. The interplanar separation in this case
was estimated to be 3.1 A, which corresponds to about 25%
diradical character and 75% bonding character (lower part of
Fig. 12b), suggesting a weak 12-centered bond between the two
phenalenyls.>” Konar et al.'*® have added further discussion
on so-called “magnetic bistability” of phenalenyls and other
planar radicals, whose switching between paramagnetic and
diamagnetic species can be modulated by external stimuli
(temperature, pressure, light, electric field, etc.). Cimpoesu

This journal is © The Royal Society of Chemistry 2022

et al.®"'®! have provided recent computational insights into
spin-spin interactions in phenalenyl dimers.

Kubo et al."*>** have studied the dimerization chemistry of
phenalenyl radicals incorporating various bulky substituents
and revealed that the formation of n-dimers can proceed
through two pathways. One is direct n-n stacking of two radical
monomers with no or very low energy barrier. The other is a
stepwise mechanism where initial formation of a c-dimer leads
to a m-dimer via a higher energy barrier. The dimerization
modes of the diamagnetic dimers could be observed experi-
mentally by '"H NMR spectroscopy (Fig. 13). The choice of
substituents play a key role in determining the strength of
stacking and whether phenalenyl predominantly forms
eclipsed (fully superimposed) or staggered (60° rotated) n-
dimers (see Fig. 13 and ref. 162-164 for detailed representation
of the dimerization modes of methyl-substituted phenalenyls).
Perchlorophenalenyl radical is an interesting exception in this
class of materials. It forms molecular stacks but the spacing
within the stacks (3.78 A) is too large to allow good SOMO-
SOMO overlap, thus preventing dimerization."®*'®” Control of
n-dimerization of phenalenyls may be beneficial for tuning the
inter-radical electrical, optical and magnetic interactions and
obtaining other stacking modes like n-trimers for use in
molecular electronics.

Characteristics of other phenalenyl derivatives like 19 and
20, developed by Morita et al.,">*'*® and larger planar radicals
like triangulenes are in many ways analogous to the smaller
phenalenyls. Morita et al.’’®*”® have utilised the added stabi-
lity of trioxotriangulene (TOT) and dicyanomethyl substituted
triangulene 21 (Scheme 7), which have four and eight reversible
redox states, respectively, in a narrow potential range due to
their degenerate LUMOs that are also energetically close to
their SOMO. These radicals are electrically conductive and
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Fig. 12 (a) Temperature-modulated spectral changes of the solution of
phenalenyl radical (5 mM in CH,Cl,). Temperature from 278 K (bottom) to
191 K (top). (b) HOMO and LUMO of phenalenyl n-dimer. LUMO occupation
numbers calculated for phenalenyl n-dimer at different geometries (occupation
number of 1.0 corresponds to a pure diradical, whereas a value of 0.0 indicates
a closed-shell species with no diradical character). Reprinted (adapted) with
permission from ref. 22 Copyright 2004 American Chemical Society.

air-stable in the solid state, and even more so in their corres-
ponding anionic forms (n-stacked crystals of 21 and TOT
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decompose at 195 and >300 °C in air, respectively), making
them very attractive for use as rechargeable energy storage
materials in organic batteries.'””>'”»7%17% TQT featured a strong
NIR absorption band at 834 nm (ca. 2000 M~ * ecm ™ at 300 K) in
chloroform solution and the absorption was further enhanced
on cooling (above 9000 M~ e¢m™" at 215 K) as a result of
n-dimerization (Fig. 14a and b and Table S1, ESIf). TOT crystal-
lized as columnar stacks in the solid state (Fig. 14c) and inter-
dimer n-r interactions redshifted its absorption to 1134 nm.'®® A
general observation is that orbital overlap between the n-dimers
decreased the excitation energy and redshifted the absorption
of extended ‘“polymer-like” m-stacked crystals. However, the
crystals only absorbed light along the column direction.
Another interesting observation is that substitution at the
a-positions of TOT had a negligible effect on its electronic spin
structure (due to small SOMO coefficients of the neutral radical
at the a-positions) but a-hydroxy groups led to intramolecular
hydrogen bonding to the adjacent carbonyl oxygens where
some of the SOMO was delocalised. This in turn reduced the
SOMO energy and affected the redox properties of the radical
(see structures S15 and S16, Scheme S1 and compare to the
redox potentials of TOT in Table S1, ESIf). Intramolecular
hydrogen bonding also enhanced molecular planarity and
strong intermolecular n-stacking, which was observed as red-
shifted low-energy absorption band peaking at 1416 nm in the
solid state.'”” Similar formation of diamagnetic n-dimers was
recently reported for a silyl substituted TOT derivative by
Morita et al.'®® Self-assembly of the radical by polycondensa-
tion of the silyl groups gave rise to microporous organosilanes
that gained additional stabilisation by spin delocalisation
throughout the porous structure. Porous radical assemblies
with reversible multi-stage redox reactions may find uses,
for example, as very high charge-density materials in energy
storage, and it would be exciting to see future progress towards
this direction.

Extension of the planar structure can be used as an effec-
tive tool to tune the intramolecular distribution of spin
density and aromaticity, i.e., the number of so-called Clar’s

() p—
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> L2 1N\
:
o-dimer - staggered - @
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Fig. 13 (a) *H NMR spectrum of methyl-substituted phenalenyl dimers measured in degassed THF-dg at 173 K. The aromatic and olefinic region (8-4
ppm) is magnified 3 times relative to the aliphatic region (3—1 ppm) for ease of visualization. (b) Dynamic Exchange between the dimers (methyl groups
are omitted for clarity). Reprinted (adapted) with permission from ref. 162 Copyright 2016 American Chemical Society.
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Fig. 14 (a) Temperature-dependent UV-Vis spectra of TOT in CHCls solution (8.25 x 107> M). Assignments by the TD-DFT calculation of monomer
(doublet, D) and dimer (singlet, S) are shown. Inset in (a) shows the plot of temperature dependence of the absorbance at 834 nm. (b) Crystal structure
and calculated spin-density distribution of TOT. Red and blue regions denote positive and negative spin densities, respectively. (c) Overlap pattern of the
1D column and the column structure, where red and blue arrows designate intradimer and interdimer distances between C,, atoms, respectively
(Cp, stands for atoms which possesses the largest spin population). Reproduced from ref. 168 under CC BY 4.0 licence.

n-sextets, #1182 which allows the control of reactive sites and

overall stability of spin-delocalised radicals.'®® Haddon, Hirao
and Kubo'° have designed sterically unprotected radical 22
where the unpaired electron can delocalise between two inter-
connected phenalene moieties. The SOMO of 22 (and its n-butyl
substituted derivative 23, Scheme 7) was shown to distribute
over 12 carbon atoms instead of six carbons in phenalenyl
radical. Highly spin-delocalised structures 22/23 provided addi-
tional thermodynamic stabilisation that effectively suppressed
their o-dimerization. The n-butyl side chain improved the
solubility of 23 allowing its purification in air and isolation as
crystalline (non-bonded) n-dimers. Half-life of the radical in
toluene solution was 60 h when exposed to air in the dark. The
low-energy absorption band of 23 redshifted to 1355 nm in
toluene solution, which can be expected from its rigid and
planar structure, but the absorption as dissociated monoradi-
cal was significantly stronger (¢ = 7910 M~ cm ™", Table S1,
ESIY) than that of above discussed spin-delocalised monoradi-
cals or spin-localised radicals covered in chapters 2.1. and
2.2."°° The most recent addition to this series is a homoconju-
gated phenalenyl radical trimer and its monoradical counter-
part reported by Kubo et al'® (structures $17 and S$18,
respectively, Scheme S1 and Table S1, ESIt). Although the
trimer was characterised behaving magnetically as a monora-
dical with an unpaired electron localised on one phenalenyl
and the other two phenalenyls coupled through space anti-
ferromagnetically, an optical benefit was observed as a new
absorption band at 685 nm in dichloromethane solution
(ca. 4000 M~' cm™' at room temperature, Table S1, ESIY)
involving charge-transfer transitions between the phenalenyls.
This through-space interaction was only effective in solution
due to structural distortion in the solid state. Replacing the
phenalenyls with similarly homoconjugated perylenes (with full
delocalisation of the spin density) significantly enhanced the
optical absorption, as reported earlier by the same authors,'®’
and it may be a good reference when designing novel spin-
delocalised radicals with a strong optical response. This exam-
ple leads us to the discussion of intramolecular spin-spin

This journal is © The Royal Society of Chemistry 2022

interactions in delocalised and localised diradicals in the next
chapter.

2.4. Diradicals and their resonance forms

Chemical coupling of two radical centres in a planar structure
is an effective method to design diradicals with controlled
intramolecular spin interactions. Previously, Abe'®® has reported
an extensive summary of different classes of diradicals and
Hoffmann et al."®” have provided an in-depth discussion on
their reactivity and related classification. Shortly rehearsing
these works (we sincerely recommend reading them and the
references therein for thorough background of diradicals),
diradicals can be categorised as localised and delocalised.
Our interest is mainly on delocalised diradicals that are
divided into Kekulé type structures like para-quinodimethane
(»-QDM) and ortho-quinodimethane (0-QDM) and non-Kekulé
type structures such as meta-quinodimethane (m-QDM).'®®
We describe these structures as resonance between closed-
shell and open-shell forms shown in Scheme 8. Antiaromatic
molecules like cyclobutadiene (CBD) and pentalene with 4n
n-electrons are generally unstable, as opposed to aromatic
compounds following the Hiickel’s rule’® ™" with 4n + 2
n-electrons. Antiaromatic closed-shell structures can be classi-
fied as delocalised diradicals, although their classification
varies in the literature.

While monoradicals have a spin quantum number of § =1
(an unpaired electron), there are two possible states, spin-
paired singlet (S = 0) or spin-parallel triplet (S = 1), as the
ground state for diradicals. This is one of the main defining
features of diradicals. It could be expected from Hund’s
rule*®>'®* that for a diradical the triplet ground state (two
degenerate SOMOs with unpaired spins) is energetically more
stable than the spin-paired singlet ground state. However,
Hund’s rule may not apply to all diradicals. Some examples
of manipulating the singlet and triplet ground states are dis-
cussed in this chapter. On the other hand, the singlet ground
state of a diradical is stabilised when the two SOMOs are energe-
tically separated (such systems are also called ‘““diradicaloids” in
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the literature, but we stick to a single term “diradicals” in our
discussion). The ground state configuration of diradicals deter-
mines their magnetic properties. Triplet diradicals are ferro-
magnetic and EPR active (NMR silent) in their ground state,
similar to paramagnetic monoradicals, whereas singlet diradi-
cals are antiferromagnetic and EPR silent (NMR active). An
interesting note here is that for a singlet (triplet) diradical,
triplet (singlet) is the lowest excited state. With a low singlet—
triplet energy gap, the excited state is thermally accessible
making singlet diradicals EPR active and triplet diradicals
EPR silent. As the singlet-triplet energy gap affects the popula-
tion of singlet and triplet species at different temperatures, it
also affects the contribution of singlet and triplet excitations to
the optical absorption of diradicals."®*'®® Although thermal
and optical excitations of diradicals are sometimes mixed and
thereby inconsistently reported in the literature, our goal
herein is to highlight some of the previously published mole-
cules and thereby motivate more research efforts in the field.
Lee et al.'®® and Rajca et al.'®” have discussed design strategies
for high-spin molecules (total spin, S > 1) from computational
and synthetic points of view, respectively. High-spin molecules
have great potential in magnetics and spintronics, but they are
mostly experimental and meaningful applications for example
in organic electronics have been hampered by their limited
stabilities. We focus on some intriguing examples of low-spin
(open-shell singlet) and high-spin (open-shell triplet) diradicals
and their closed-shell quinoidal resonance structures, optical,
electrical and magnetic properties as well as stabilities and
prospective applications.

Haley et al.'®°% have developed various indenofluorene
and fluorenofluorene structures and generalised the effect of
electron delocalisation on the diradical character of different
isomers. The common feature is that they exhibit relatively low

7386 | J Mater. Chem. C, 2022,10, 7368-7403

HOMO-LUMO energy gaps, absorption reaching to the NIR
region and reversible electrochemical redox reactions, which
are attractive properties for any optoelectronic material.>**>
For example, indeno[1,2-b]fluorene derivative 24 is a closed-
shell ground state molecule because the antiaromatic p-QDM
core (coloured red in Scheme 8) lacks sufficient stabilisation of
the diradical form. However, extension of the central core to a
larger anthracene unit in diindeno[b,iJanthracene (26) stabi-
lises the diradical by moderate aromatization of the quinoidal
structure (shown as three Clar’s n-sextets in Scheme 8 and the
aromatic ring current in Fig. 15, see also structures $19-S23,
Scheme S2 and Table S1, ESI)."*®*% In the ground state, the
closed-shell structure is in resonance with the aromatic open-
shell diradical. 26 showed typical "H NMR characteristics of a
singlet diradical, that is, broadening of the aromatic signals on
heating from 298 to 423 K as a result of increasing population
of the triplet excited state (the singlet-triplet energy gap,
-4.2 keal mol ™, was relatively small and thermally accessible).
Thermally accessible triplet state is significant in that it enables
reversible switching on and off the magnetic response of a
stable diradical. 26 also stabilised electrochemically injected
and extracted charges as it underwent two reversible reduction
and oxidation reactions via its closed-shell and open-shell
resonance structures, respectively (Table S1, ESIf). In other
words, it behaves both as an aromatic electron-donor and as
a quinoidal electron-acceptor. This amphoteric redox behaviour
was also reflected in its balanced electron and hole mobilities
in organic field-effect transistors (OFETs, mobilities were in the
range of 10 °-10 % cm® V' s ). 26 showed strong optical
absorption peaking at 690 nm (above 40000 M~ ' cm™ ') and
another weaker band extending to 900 nm, both originating
from transitions to the low-energy singlet excited states. This
example highlights the potential of (singlet) diradicals and

This journal is © The Royal Society of Chemistry 2022
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calculated by ACID (anisotropy of the induced current density) for the
open-shell singlet state of 26. The general aromatic current is indicated by
the superimposed clockwise magenta arrows (some of the side chains
have been truncated or omitted from the structure for calculation pur-
poses). (b) NICS-XY (nucleus-independent chemical shift) scans of the
open-shell singlet and triplet states of 26 skeleton show an increase in
aromaticity for the thermally accessible triplet state. Capital letters (top)
refer to the rings in the model structure and variable r describes the
distance along the dashed red path. Reprinted by permission from ref. 198
Copyright 2016 Macmillan Publishers Limited.

their substantially strong absorption as compared to (doublet)
monoradicals discussed in previous chapters. Combined with
straightforward synthesis and stability in the crystalline solid
state (half-life in dichloromethane solution open to air was
64 days), 26 undoubtedly is an excellent example of a robust
material for real-life applications.#®2%°

Tobe et al.®>*°° have designed related structures with
varying singlet diradical characters. For example, indeno[2,1-a]-
fluorene derivative 27 is based on an 0-QDM skeleton where
the spin density is mainly delocalised. Positions C11 and C12
exhibit the largest o- and B-spin densities (indicated by the
“up” and “down” arrows, respectively, in Scheme 8).>°” Bulky
mesityl groups are needed to provide sufficient steric protec-
tion and stabilisation of the two radical sites. Solution of 27 in
dichloromethane can be stored under ambient air and light

This journal is © The Royal Society of Chemistry 2022
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for a week or so. The solution showed two low-energy
absorption bands at 730 nm (¢ = 790 M~ ' em™ ") and 537 nm
(6 =15200 M ' em ™', Table S1, ESI{). It is noteworthy that 27
and related structures are totally non-emissive. All in all 27 was
characterised with weak diradical character that did not affect
its NMR signals even at elevated temperatures.*®”

Extension of conjugation by a larger naphthalene ring in 28
resulted in stronger antiaromatic singlet diradical character as
compared to 27.%%° In the case of 28, some of the spin density is
distributed in the naphthalene moiety, making the molecule
susceptible to reacting with oxygen from the inner naphthalene
carbons rather than the mesityl-protected 13- and 14-carbons.
28 was air-stable in the crystalline solid state but in dichloro-
methane solution it rapidly reacts with oxygen with a half-life of
77 min. The oxidation reaction can be observed as a complete
disappearance of its strong low-energy absorption at 697 nm
(initial & = 12800 M~" cm ™", see Table S1, ESIt). Under inert
atmosphere, the diradical showed reversible broadening of
'H NMR signals at high temperatures due to increasing popu-
lation of thermally excited triplet state. Both 27 and 28 can be
regarded thermally stable up to 100 °C. However, prolonged
heating of 28 (80 °C, 48 h) resulted in irreversible cyclo-
dimerization to give 28, in nearly quantitative yield.>*’

A m-QDM derived indeno[2,1-b]fluorene 29 showed triplet
excited state species already at room temperature.®*® Its "H NMR
spectrum could be resolved on cooling down to 180 K as a result
of increasing occupation of the singlet ground state (the singlet—
triplet gap was estimated to be —4.2 kcal mol™"). EPR measure-
ments showed opposite trend as the signal of the paramagnetic
species increased at higher temperatures. Also 29 decomposed
over time despite the steric protection of the 10- and 12-positions.
It is a shame because the diradical showed intense absorption at
638 nm (above 35000 M~ " cm™ ") and another weak low-energy
singlet excitation band spanning between 800-2000 nm in
dichloromethane solution (see Table S1, ESIT).**® Such low-
energy absorption would be very attractive for various light-
harvesting applications utilising the entire NIR spectrum, albeit
with possible contamination by absorption of thermally excited
triplet species.

Wang et al.'' modified the spin density distribution of 29
with an electron-deficient pyrazine unit. This operation
increased the spin density on the meta-pyrazine core in 30
(coloured red in Scheme 8) and resulted in triplet diradical as
the dominant ground state resonance structure (illustrated by
the two “up” arrows in Scheme 8). 30 displayed significant
aromatic character in the pyrazine ring and, including the two
outer benzene rings, the diradical was represented as exhibit-
ing three Clar’s n-sextets (also seen from the aromatic current
in Fig. 16). In contrast, its para-quinoidal derivative 25 showed
a dominant antiaromatic closed-shell ground state structure
(compare to 24, Scheme 8). This difference is also observed in
the optical absorption of the two molecules. The low-energy
absorption of 25 peaked at 535 nm, whereas 30 showed
significantly redshifted absorption extending to 1200 nm (the
latter attributed to the diradical resonance structure, see
Table S1, ESIT). Opposite to the singlet diradical 29, 30 showed

J. Mater. Chem. C, 2022,10, 7368-7403 | 7387


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1tc05268c

Open Access Article. Published on 27 April 2022. Downloaded on 1/23/2026 3:14:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

@ et G, G- %P

(C) A B C B A (d) A B C B A
15 15

H H

g’ g °

» 0

Q .5 g s

> z
-30 —— Closed-Shell Singlet -30 = Open-Shell Singlet

e Triplet ~—— Triplet

0 2 4 6 8 10 12 0 2 4 6 8 10 12

r(A)

Fig. 16 Comparison of the resonance structures of (a) 25 and (b) 30.
NICS-XY scans of (c) 25 and (d) 30. ACID plots of (e) closed-shell singlet 25
and (f) open-shell triplet 30 at an isosurface (yellow) value of 0.04. The
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increasing EPR signal intensity on cooling from 294 to 100 K.
In other words, 30 exhibited inverted singlet-triplet energy
levels with 1.8 and 1.0 kcal mol ' energy gap (that is, for
mesityl and 9-anthryl substituted diradicals, respectively) and
near-full occupation of the triplet ground state. Incorporation
of electron-withdrawing substituents into the central ring
seems to be an excellent method to increase the spin density
of the radical centres and in that way obtain stable high-spin
diradicals. That said, the half-life of 30 was 22 days under
sunlight and 28 days under darkness making it among the most
stable diradicals reported to date, as the authors rightfully
stated.""

Bisphenalenyls are another class of diradicals where the two
phenalenyls are separated by p-QDM core. But unlike the
peripheral benzene rings in related diradicals like 24, the two
phenalenyl moieties provide thermodynamic stabilisation of
the singlet diradical resonance structure by means of delocali-
sation of the odd electrons. Diradical character can be
enhanced by separating the two radical sites with a naphthalene
spacer. The works of Kubo et al.”>**" stand as excellent examples
of neutral bisphenalenyl diradicals showing narrow and intense
absorption at 750 nm or longer (see structures S24-526, Scheme
S2 and Table S1, ESIt). Extensive spin-delocalisation and strong
intermolecular spin-spin interactions between bisphenalenyls
has provided a range of NIR-absorbing diradicals with almost
non-existing absorption in the visible spectral region, making
them distinctively different from the phenalenyl monoradicals
and homoconjugated phenalenyls discussed in chapter 2.3.
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They may be of interest for various NIR light-harvesting appli-
cations, but challenges in obtaining truly stable diradicals
remain. Chen et al.>***'> have based their design on the same
concept and synthesized heteroatoms containing electroactive
and luminescent bisphenalenyls that are stable in their cationic
forms. On the other hand, m-QDM core has been used in the
design of nickel porphyrin diradicals with triplet ground state
by Song et al.>'® Added stability is obtained by effective delo-
calisation of the spin density in two porphyrin rings, and the
diradical can be stored for several months in the solid state in
air (half-life in 1,2-dichlorobenzene was about 28 days when
heated at 80 °C under ambient air).

Graphene fragments have been appealing design platforms
for planar radicals; some examples were discussed in the
previous chapter 2.3.3%183218220 gyuho et al?*"*** reported
teranthene and quarteranthene molecules which exhibited
open-shell singlet diradical ground states. Wu et al.>** extended
the synthetic series of rylene oligomers up to dodecarylene
(containing 12 fused naphthalene units) with small HOMO-
LUMO energy gaps and a promise - or possibility - to deliver
polymeric graphene nanoribbons with metallic or half-metallic
properties. Perhaps even more relevant to the discussion herein
is the design of a quinoidal D-A type perylene molecule 31 that
can resonate between a closed-shell quinoidal form, a closed-
shell zwitterionic form and an open-shell singlet diradical form
(see Scheme 8).>'7 All three resonance forms were present in the
ground state but delicate balance between them could be tuned
by the polarity of the solvent, thereby allowing modulation of
the optical response and electrochemical redox properties. The
special feature was that 31 showed negative solvatochromism
due to a large contribution of the open-shell electronic struc-
ture in less polar solvents (¢ = 25860 M~ ' cm ™' at 822 nm in
dichloromethane solution) and stabilisation of the zwitterionic
form in more polar solvents (¢ = 15030 M~ ' cm™ " at 654 nm in
DMSO solution), as shown in Fig. 17 and Table S1 (ESIf).

Thiele’s,>*® Chichibabin’s**® and Miiller’s**” hydrocarbons
are classical examples of diradicals where the two radical
centres are separated by one (32), two (33) and three benzene
rings (34), respectively, as shown in Scheme 9.***>*° Chichibabin’s
derivatives have been of particular interest in the field because
resonance between their open-shell diradical and closed-shell
quinoidal forms involves some degree of distortion of the
molecular geometries, which allows tuning of their ground
state and excited state properties.”*"**> Wu et al>** have
utilised this feature in benzannulated Chichibabin’s structures
35 and 36, where the central benzene rings are extended to
larger anthracene units (Scheme 9). Although the two com-
pounds are structurally similar and their quinoidal forms
are stabilised by gaining another two Clar’s m-sextets when
converted from diradicals to quinoids, 35 was a closed-shell
molecule but 36 exhibited an open-shell ground state. The
latter is due to thermodynamic stabilisation of the fluorenyl
units in the orthogonal conformation as compared to the
contorted quinoidal form (Fig. 18, top panel). The diradical
lacked '"H NMR signals even when cooled down to 173 K
(singlet-triplet energy gap was estimated to be 0.3 kecal mol )

This journal is © The Royal Society of Chemistry 2022
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Fig. 17 (a) Electronic absorption spectra of 31 in different solvents.
(b) Optimized geometry with dipole moment (left) and the calculated
electrostatic potential map (right) of 31 in gas phase. Reproduced with
permission from ref. 217 Copyright the Royal Society of Chemistry and the
Chinese Chemical Society 2019.

indicating population of its paramagnetic triplet ground state.
Another interesting observation for the discussion herein is
that 36 was extremely stable. No decomposition was observed
in solution or in the solid state when stored under ambient air
and light for months, which was attributed to the stabilising
effect of the fluorenyl units (SOMOs of o- and B-spins in the
triplet ground state were delocalised to the fluorenyl moieties,
see Fig. 18). 36 showed weak absorption tail in the NIR region,
but both 35 and 36 could be chemically oxidized to stable
dications for the realisation of stronger NIR bands (two oxida-
tion states at relatively low potentials enabled removal of the

32 (n =1, Thiele's)
33 (n = 2, Chichibabin's)
34 (n = 3, Muller's)

37 (R = Mes)
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Fig. 18 Calculated geometric structures (with part of the bonds labelled
with length in A) and the frontier molecular orbitals of the closed-shell (CS)
and open-shell (OS) forms of 36 both in singlet and in triplet states. The
bottom panel shows the spin density distributions of the singlet and triplet
open-shell forms of 36. Reprinted (adapted) with permission from ref. 224
Copyright 2012 American Chemical Society.

two unpaired electrons, see Table S1, ESIf). Introduction of
dimethylamino substituents into 35 resulted in a rather pecu-
liar ammonium salt with two chlorine counterions (structure
$27, Scheme S2, ESI{).>** The substitution added to the reso-
nance of the two radical electrons, enhancing switching
between triplet excited diradical and quinoidal forms on heat-
ing and cooling, respectively. The switching could be observed
visually as diminishing and intensifying absorption at 642 nm
(peaking close to 400000 M~ ' cm ™' at room temperature, see

R
38 (R = n-octyloxy)

Scheme 9 Closed-shell and open-shell resonance structures of Thiele's, Chichibabin’s and Mdiller's hydrocarbons and related derivatives (R groups are

omitted from some resonance structures for clarity).
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Table S1, ESIt), and it stands as one of the rare examples of
luminescent (neutral) diradicals, which promises great use of
Chichibabin’s structures in thermochromic and thermo-
magnetic applications. Such diradical design may well deliver
the desired chemical, optical and electrochemical stability
requirements for use in organic electronics as well.

Building upon the above-discussed works, others have devel-
oped Thiele’s, Chichibabin’s and Miiller’s N-heterocyclic,*
acyclic diaminocarbene®*® and molecular cage®’ analogues
on the merit of tuning the diradical characters, singlet-triplet
energy gaps, absorption spectra, redox properties and magnetic
responses. One could argue that all diradicals discussed in this
chapter can be considered as derivatives of the classical hydro-
carbons, where the central benzene rings are either freely
rotating or fused in a planar conformation. Stepien et al.***
have merged the two concepts and improved the aromatic
stabilisation of a Chichibabin’s derivative diindeno[a,i]phen-
anthrene (37, Scheme 9), whose singlet diradical character is
enhanced by four Clar’s n-sextets. The o- and B-spin densities
were spatially separated and localised at the five-membered
rings in both singlet and triplet states further stabilising the
diradical. However, the aromaticity of the central phenanthrene
core increased in the triplet state resulting in an easily acces-
sible paramagnetic excited state (singlet-triplet energy gap was
—1.3 keal mol "), which was seen as broadening of "H NMR
signals on heating from 220 K to room temperature and above
(see Fig. 19a). The main absorption band peaked at 600 nm
(e = 41000 M~ " cm™', Table S1, ESI{) with a low-energy band
tailing to 1050 nm in dichloromethane solution. 37 was also
stable as a monoradical cation but its dication and dianion
forms were unstable, making it distinctively different from
other Chichibabin’s structures like 35 and 36. Perhaps the
most interesting observation is that 37 was stable in dichloro-
methane solution for 25 days or so, but the choice of solvent
greatly affected its stability. Solid sample was stable up to
110 °C, but excessive heating resulted in irreversible oligomeri-
sation of hydrogenated structures of sizes up to n = 15, as shown
in Fig. 19b. The authors pointed out that such “hydrogen-
scrambling” oligomerisation may be relevant as a prospective
method of synthesizing open-shell polymeric materials,** which
links to our later discussion in chapter 2.5.

The classical diradical concept can be simplified to the
smallest possible diradical, that is, an ethylene group where
spin-spin interactions of the two bonding electrons can be
weakened by elongated C—C double bond and substantial
torsion angles. Perchlorinated and benzannulated 9,9’-bi-
fluorenylidenes are examples of sterically congested ethylene
structures whose thermally accessible triplet excited states
can be regarded as diradials.”****° Kubo et al.*****" stabilised
twisted bianthrone (38) by aliphatic side chain substitution.
The molecule exists as a mixture of twisted and folded forms,
which was characterised as two different optical absorption
bands at 757 and 444 nm in dichloromethane solution, respec-
tively. The twisted form (see Scheme 9 and ref. 241 for original
representation) exhibited C—=C bond length of 1.429 A and
torsional angle of ca. 57° in the solid state, which decreased the
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Fig. 19 (a) Temperature-dependent *H NMR spectra of 37 (CDCls, 600
MHz). The signals were assigned at 220 K using 2D spectroscopic methods
(see ref. 234 for details). (b) Thermally induced oligomerization of 37.
Reagents and conditions: (a) argon, pressure tube, 240 °C, 14 h. Repro-
duced from ref. 234 under CC BY-NC 3.0 licence.

singlet-triplet energy gap to —5.7 keal mol™". Also, the electro-
chemical redox potentials of the twisted form were comparable
to the above-discussed quinoidal diradicals (see Table S1, ESIT).
Twisted 38 was interpreted as an intermediate state between
C—C double bond and bond dissociation, retaining its bond-
ing interaction as a singlet diradical but allowing thermal
excitation to the triplet excited state, as illustrated in
Scheme 9.>*' Twisted C—=C diradicals are still far less studied
than the larger quinoidal diradicals, but we speculate that they
might find uses in various (transient) energy harvesting
processes.

2.5. Polyradicals

Two interacting spin centres discussed in previous chapter
leads us to structures with more than two SOMOs close to each
other in energy in the same molecule, giving rise to either
interacting or noninteracting spins, herein referred to as poly-
radicals. We note that term ‘“‘polyradicaloids” is often used in
the literature for molecules with more than two radical centres,
whereas for conjugated polymers used in the organic opto-
electronics field the number of repeating units, n > 10, is
commonly used as a definition for polymeric materials. Given

This journal is © The Royal Society of Chemistry 2022
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that some borderline cases are also discussed in this chapter,
we use a single term ‘“polyradicals” for consistency. We have
excluded so-called ‘“small or zero bandgap” polymers from our
discussion.?***** Although they are composed of quinoidal (or
proquinoidal) structures with open-shell character and high-
spin properties, they do not fall in with our focus on n-radicals
whose spin(s) can be stabilised at one (or more) specific carbon
centre(s) by gaining a number of Clar’s m-sextets. Plentiful
examples of such diradical systems were discussed in the
previous chapter. In this chapter, we discuss different appro-
aches to chemically couple radicals in conjugated and non-
conjugated macromolecules.

Since the summaries of magnetic polyradicals two-three
decades ago by Rajca,®*! the group has reported various
calix[4]arene-based macromolecules with up to 36 triarylmethyl
radical centres, tuned ferromagnetic and antiferromagnetic
couplings between the spin centres and very high ground-state
spins (average S = 5-13, see structures 39-41 in Fig. 20).>**>%
Ferromagnetically coupled radicals are appealing for polymer
magnetics and superconductors but they require rigorous syn-
thesis and handling at low temperatures. Their ferromagnetic
character decreases above cryogenic temperatures due to thermal
excitation to low spin states, while exposure to room temperature
leads to irreversible thermal decomposition, typically after 30 min
or so. Incorporation of TTM and PTM radicals into conjugated
backbones has made polyradicals stable at room temperature also
in the solid state, and thereby practical for use in photonics and
electronics. Some early examples are acetylene- and ethylene-
bridged PTM polyradicals where strong ferromagnetic coupling
is absent because of spatial separation of the radical centres, in
other words, due to negligible spin-spin interactions. This also
meant that PTM polyradicals were practically insulators with no
measurable electrical conductivities.**®

Based on the works of Veciana group, others have
reported several approaches to obtain PTM polyradicals and
macrocycles from one-dimensional copper and cobalt coordi-
nation polymers of para-carboxylic substituted PTM radical to
chemically coupled two-dimensional nanosheets and covalent
organic frameworks”>*>** and supramolecular arrangement of
PTM radicals thorough hydrogen bonding,***?°® and recently
to self-assemblies of chiral PTM tetraradical cages via imine
condensation.>®” The common feature is that the magnetism
can be tuned by controlling the intramolecular ferromagnetic
and antiferromagnetic interactions of the radical centres, while
the bulky PTM groups effectively minimise additional through-
space intermolecular magnetic interactions.?*> On the contrary,
Zhao et al.**® reported a platinum-PTM metallacage where the
two radical centres were linked relatively close (ca. 15 A)
to allow through-space spin-spin interactions and thermal
modulation of the spin state. Yang et al.>*® have provided an
overview of the recent progress on the development of supra-
molecular radical cages and their applications.

Lambert et al.”® applied the D-A design strategy (discussed
in chapter 2.1) to the synthesis of polyradical 42 consisting of
alternating TPA donor and PTM acceptor units (Scheme 10).
The polymer was synthesized by Horner-Wadsworth-Emmons

249-251
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Fig. 20 Chemical structures of high-spin polyradicals 39 (S = 5-6), 40
(S =7-9) and 41 (S = 11-13) as organic spin clusters. The average spins are
below the expected values (component spins 7/2, 6/2, 4/2 and 1/2 shown
below the chemical structures) due to evident antiferromagnetic couplings
and chemical defects. Reprinted (adapted) with permission from ref. 246
Copyright 2004 American Chemical Society.

reaction®®"2*> of PTM bisphosphonate and TPA dialdehyde in
basic reaction condition at room temperature, yielding a
number-average molecular weight (M) of 11 200 g mol . Like
the D-A systems discussed in chapter 2.1, electron transfer
from TPA sites to PTM centres could be optically induced and
this transition is observed as CT absorption band peaking at
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X
PS-CZTTM FR-n (n =2, 4, 6; R = Anth, R? = lBuPh)

FR-MCn (n = 4, 6; R = Anth)

Scheme 10 Chemical structures of TTM, PTM and fluorenyl based polyradicals.

820 nm (¢ = 6500 M~ ' cm ™) in toluene solution (see Table S1,
ESIt). Intensity of the CT band was comparable to that of a
corresponding D-A monomer,’** also in the solid state, mean-
ing that the electron transfer was confined to only one D-A
repeating unit in the polymer backbone (additional evidence is
provided in ref. 260). It is highly relevant for photonic and
electronic applications that 42 underwent reversible electro-
chemical oxidation and reduction of the TPA and PTM sites,
respectively (Table S1, ESIT). This was also reflected in balanced
ambipolar charge transport in films in OFETs (electron and
hole mobilities were both 3 x 10~> cm® V™" s~ ). Low mobilities
were attributed to the amorphous solid state, because the bulky
propeller-like TPA and PTM sites prevented closed stacking of
the polymer chains. Spin interactions in the ground state are
also expected to be weak because the PTM sites are even more
separated by the TPA moieties than by the ethylene- and
acetylene-bridges in the above discussed PTM polyradicals.
It is worth mentioning that solid polymer and polymer in
toluene solution were stored for several months and all charac-
terisation was performed under ambient conditions (the poly-
mer film was even annealed at 110 °C). This clearly highlights
the added stability of neutral radicals when incorporated into
conjugated backbones.

Scherf et al*®® utilised the stability of D-A radicals in
electrochemical polymerisation of di- and tricarbazolyl substi-
tuted PTM to obtain polyradicals poly-D* and poly-T*, respec-
tively (Scheme 10). In contrast to chemical approach where the
a-hydrogenated polymer needs to be deprotonated in basic
conditions followed by one-electron oxidation by an electron-
acceptor dopant to obtain a neutral polyradical (same proce-
dure as for neutral monoradicals), electrochemically oxidative
C-C coupling of the radical monomers gave the polyradicals
directly without further reactions. It is worth mentioning here
that electropolymerisation in general is less scalable than

7392 | J Mater. Chem. C, 2022,10, 7368-7403

chemical synthesis, but it could be practical for direct deposi-
tion of polyradical thin films as sensors for magnetoelectronics
and related applications. Polymerisation of the dicarbazolyl
radical gave a linear polymer (shown in the ESI in ref. 263)
whereas the tricarbazolyl radical resulted in a three-dimensional
structure that is expected to be microporous. Both poly-D* and
poly-T* films showed strongest absorption in the UV-visible but
CT interactions between the carbazole moieties and the PTM
centre were observed at 800 nm or beyond. An interesting feature
of these polymers is that they could be chemically or reversibly
electrochemically reduced to air-stable anionic forms, poly-D™
and poly-T~, accompanied by a substantial change in colour
and optical absorption profile, as shown in Fig. 21. In contrast,
molecular PTM carbanions are known to oxidize instantly to give
neutral n-radicals if not stabilised in an inert environment (this
feature is commonly used for the benefit of the synthesis of PTM
radicals, see Scheme 2). Neutral polyradicals, poly-D* and poly-T*,
were both paramagnetic as characterised by EPR spectroscopy.
We assume that electron transfer was confined to one repeating
unit and the polyanionic species were stabilised by multiple
charge-separated zwitterionic states, similar to that observed in
the corresponding monoradicals (and comparable to the PTM-
TPA radicals discussed in chapter 2.1).

Li et al?***® coupled TTM-1Cz (see chapter 2.1) as a
pendant substituent in a nonconjugated polystyrene backbone
and reported the first luminescent polyradical PS-CzTTM
(Scheme 10). The polymer was synthesized via radical poly-
merisation of vinylbenzyl-substituted monomer and styrene,
followed by conversion of the a-hydrogenated carbon centres to
neutral radicals. Only small amount of TTM-1Cz was incorpo-
rated into the polymer (ratio of styrene, n, and radical, m,
repeating units was 292:5) so that the radical concentration
was less than 2%. In other words, the radical centres were
expected to be statistically distributed and well-separated in the

This journal is © The Royal Society of Chemistry 2022
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Fig. 21 (a) EPR spectra of poly-T* (blue) and poly-D* (black) thin films (the insets show photographs of free-standing thin films of (I) poly-T* and (Il) poly-

D* dispersed in CH,Cl,). Normalized UV—Vis absorption spectra of (b) poly-T*, poly-T~ and (c) poly-D*, poly-D™ thin films before and after immersing
poly-T* or poly-D* films with n-BusNOH in methanol (the insets show photographs of thin film-coated ITO electrodes). Reprinted (adapted) with

permission from ref. 263 Copyright 2019 American Chemical Society.

polymer backbone (M,, 38 700 g mol '), although approximately
three out of four TTM-1Cz sites were successfully chemi-
cally converted to neutral radicals and the rest remained
a-hydrogenated. PS-CzTTM was paramagnetic at room tempera-
ture, as expected with negligible spin-spin interactions based
on the molecular design. The polymer was also highly lumines-
cent in both solution and solid-state film, because the random
ordering prevented strong aggregation quenching of the radi-
cals’ emission. As a result, PS-CzT'TM showed notably efficient
deep-red emission peaking at 694 nm in a solid-state film
(PLQY 25%, Table S1, ESI{). Another important merit of radical
emitters is their photostability. Half-life of emission intensity of
PS-CzTTM in cyclohexane solution was 1.6 x 10* s, which is
about 300 times higher than that measured for TTM mono-
radical under the same conditions. Despite the low radical
concentration, the spin density was mainly localised at the
radical sites delivering emission purely from the doublet
excited state even when the temperature was varied between
10-300 K. The emission process was maintained in OLEDs
when using PS-CzTTM as the emitter (see Fig. 22). However, the
nonconjugated polystyrene host is not an ideal charge transport
matrix and additional host material was needed to increase the
EQE from 1.0% (for neat PS-CzT'TM) to 3.0% (for PS-CzTTM in
TPBi matrix, so-called “host-guest” system) with emission

Wu et al. have reported various types of low-spin fluorenyl
oligomers,**® macrocycles®®”**® and dendrons®®® that exhibit
polyradical characters with intramolecular antiferromagnetic
spin-spin interactions, that is, resonance between open-shell
polyradical and closed-shell quinoidal forms. Linear 3,6-linked
fluorenyl oligomers (FR-n, Scheme 10) are interesting examples
that were synthesized via multiple Pd-catalysed Suzuki reaction
steps, followed by conversion to neutral radicals. The chain
length had a significant impact on their optical, electrochemi-
cal and magnetic properties, which may be relevant for the
design of other oligo/polyradicals as well. Oligomers with even
number of repeating units (n = 2 dimer, n = 4 tetramer and n=6
hexamer shown in Scheme 10) had an open-shell singlet
ground state, whereas structures with odd number or repeating
units (7 = 1 monomer, n = 3 trimer and »n = 5 pentamer) had a
doublet ground state. In all cases, the unpaired electron density
was mainly localised at the fluorenyl units, thereby requiring
kinetic stabilisation by bulky anthryl groups. Energy gaps from
the low-spin ground states to the lowest high-spin excited states
(that is, singlet-triplet gap for even number of repeating units
and doublet-quartet gap for odd number with n > 2) were low
enough to be thermally accessible at room temperature. This was
observed as sharpening of the "H NMR signals (and weakening of
EPR signals) on cooling, in line with the characteristics discussed

peaking at 685 nm in both cases.****% in chapter 2.4. Perhaps the most interesting observation for the
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Fig. 22

(a) Schematic diagram of the device structure of PS-CzTTM-based OLED. (b) EQE of host-free and host-guest OLEDs versus current density. (c)

EL spectra of both host-guest and host-free OLEDs at 12 V operating voltage. Reprinted (adapted) with permission from ref. 264 Copyright 2020

American Chemical Society.
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discussion herein is that the optical absorption was systematically
intensified and redshifted as the number of repeating units
increased, with the low-energy tail extending beyond 1000 nm
when n > 2 (for FR-6, ¢ = 26 400 M ' cm™ ' at 739 nm in toluene
solution, see Table S1, ESIt). The oligomers could be reversibly
electrochemically oxidized to the corresponding cationic (for
n = 1), dicationic (for n = 2), tricationic (for n = 3), etc. forms,
which was observed as electrochromic changes of the spectral
profiles.>*®

Linear fluorenyl oligomers were obtained via stepwise cou-
pling, as mentioned above, but one-pot Suzuki polycondensa-
tion of 3,6-difunctionalised monomers yielded macrocyclic
structures (FR-MCn) up to a hexamer (n = 4 and 6 shown in
Scheme 10). Macrocycles with odd number of fluorenyls (n = 3
and 5) were synthesized via Yamamoto coupling. Various
resonance forms are expected to contribute to the ground state
of the macrocycles, and each variation involves gain or loss of
two Clar’s n-sextets. Macrocyclization of fluorenyls resulted in
antiaromatic cyclic m-conjugated systems (for FR-MC4, seen as
counterclockwise ring current containing 36 n-electrons,
Fig. 23a) and to some extent enhanced absorption (for

60000

——FR+4
—— FR-MC4
50000 —— MC-F4A4
~ 40000
§
« 30000+
<
% 20000 1200 1400
10000 N
=
O T ¢ T T
400 600 800 1000 1200 1400
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Fig. 23 (a) Calculated ACID plots of FR-MC4. The red arrows indicate the

counterclockwise paratropic ring current flow. (b) Comparison of the
UV-Vis-NIR absorption of oligomers with same number of fluorenyl units:
linear FR-4, macrocyclic FR-MC4 and acetylene-bridged MC-F4A4 (see
ref. 268) in toluene solution. Insets are the magnified onset absorption
bands. Reprinted (adapted) with permission from ref. 268 Copyright 2017
American Chemical Society.
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FR-MC4, close to 60 000 M~ " cm ™" at 710 nm, Fig. 23b). Further
extension of the macrocycles caused substantial twisting of the
conjugated backbone and weakening of the optical absorption
(see Table S1, ESIT). The torsional twisting was counteracted by
inclusion of acetylene bridges between the fluorenyl units (via
Pd-catalysed Stille coupling) resulting in nearly planar macro-
cycles. Such macrocyclic polyradicals attained lower energy
gaps between the low-spin ground state and the high-spin excited
state, as compared to their linear fluorenyl counterparts.>®®
Other examples of macrocyclic polyradicals include coronoid
structures displaying so-called ‘“annulene-within-annulene”
aromaticity (43, Fig. 24, in which the inner and outer conjuga-
tion circuits are formally fully decoupled) or full conjugation
around the system 44, as reported by Wu et al>’*?”*> and
Stepien et al.>’>?”* The common feature in these structures is
that the interactions of adjacent spins are equivalent. Stepien
and co-workers’’® added to this series a structure 45 that
combines the classical Chichibabin’s and Schlenk’s*”> hydro-
carbons and creates a system that alternates between two types
of spin interactions, as illustrated in the bottom panel of
Fig. 24. Chichibabin conjugation is represented as an even-
electron pathway between the interacting spins (compare to
diradical 37 discussed in chapter 2.4), whereas Schlenk con-
jugation features an odd-electron path (similar to diradical 29,
Scheme 8). The structure can adopt multiple open-shell and
closed-shell forms, but 45 was characterised as an open-shell
singlet ground state with significant contribution from a hex-
aradical that is stabilised by nine Clar’s n-sextets. This is also
observed as odd-electron density localised mainly on the m-
QDM subunits (see Fig. 24 and ref. 270 for further theoretical
and experimental details). Moreover, 45 exhibited multiple
thermally accessible high-spin states with uniform (calculated)
energy caps of ca. 1.0 kcal mol™' between consecutive

43 (n=4,5)

| 3 x Chichibabin
+ 3 x Schlenk

45 (R = OBu, R’ = Mes)

Fig. 24 Chichibabin (red arrows) and Schlenk conjugation (blue arrows) in
the fully open-shell forms of coronoid structures 43—45. The unpaired
electrons are represented as red p-orbitals. Calculated odd-electron
density of singlet ground state of 45 (0.002 a.u. isosurface). Reproduced
with permission from ref. 270 Copyright 2021 Wiley-VCH GmbH.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1tc05268c

Open Access Article. Published on 27 April 2022. Downloaded on 1/23/2026 3:14:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

multiplicities, meaning that these states were already popu-
lated at room temperature. Although 45 had a low-energy
absorption edge extending deep into the NIR region (ca.
2000 nm in chloroform solution, Table S1, ESIt), it is worth
mentioning that its stability was limited, and the compound
degraded under ambient conditions in a couple of days.
Swager et al.>’® designed BDPA-based polymers where the
radical centres were integrated into conjugated backbones and
separated either by smaller thiophene spacer (in RP-T, Fig. 25a)
or larger bithiophene or thienothiophene spacers. Stille poly-
condensation and additional radical conversion step (deproto-
nation-oxidation) yielded polymers with reasonably high M,
ranging between 18-39 kg mol . Incorporating radicals into
conjugated backbones made the polymers more conductive as
compared to their nonradical analogues. The difference was
pronounced in the corresponding electrochemically oxidized
(p-doped) forms. The radical conversions were incomplete in
all three polymers (EPR analysis revealed spin concentration
ranging between 17-39 mol-%) but the polymers showed ambi-
polar redox activities and decrease of EPR signal intensities
during in situ electrochemical oxidation and reduction to
cationic and anionic forms, respectively, as illustrated in Fig. 25).
Higher degrees of radical conversion resulted in insoluble
polymers likely due to cross-linking or intermolecular stacking
of the polymer chains, or combination of both. This polymer
series was also demonstrated as promising magneto-optic
materials with Faraday effect (that is, rotation of polarization

View Article Online
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direction when light travels through the material). Direction of
the Faraday rotation could be controlled by conversion between
diamagnetic a-hydrogenated polymer (P-T) and paramagnetic
polyradical (RP-T). Uncertainty about stability of BPDA-based
polyradicals may still be of concern for practical applications in
solid-state electronics, and therefore it will be interesting to see
future research directions from the Swager group'**"***”® and
others on these types of weakly NIR-absorbing but redox active
paramagnetic polymers (see structures RP-BT and RP-TT,
Scheme S2 and Table S1, ESIt).

3. Future perspectives

When discussing about neutral n-radicals, the focus is often on
their stability - likewise in this review - although debate about
rightful use of the word stable regularly arises in the literature.
Already more than four decades ago, Ingold'*® made an impor-
tant point saying that ““‘the word stable should only be used to
describe a radical so persistent and so unreactive to air,
moisture, etc., under ambient conditions that the pure radical
can be handled and stored in the lab with no more precautions
than would be used for the majority of commercially available
organic chemicals”. It still makes an excellent reference today.
Paton and co-workers®”” added to this discussion and described
stability quantitatively as a combination of thermodynamic and
kinetic factors, which we recognise as electronic resonance

P-T-Anion RP-T
EPR Silent EPR Active
10.0p |- ——P-T, Negative range

——— RP-T, Negative range

0.0

5.0p

Current (A)

-10.0p -

15.0p 1 1 1 1 1

(c

10

Intensity (a.u.) =~

---- EPR of RP-T
Negative range

Vs Fe/Fe* V)
Fig. 25

L
1.2 -1.0 0.8 0.6 0.4 -0.2 0.0

P-T-Cation P-T-Doped
EPR Silent EPR Active === EPR Silent
80.0p - —P-T, Positive range, 1st Scan

—— RP-T, Positive range, 1st Scan
RP-T, Positive range, 2 nd Scan
| —— RP-T, Positive range, 3 rd Scan

a2 o
- 4
o o
< €

Current (A)
8
13

0.0 -

--=-- EPR of RP-T, Positive range

—
D
~—"

= BF > \
3 A
& st \
z 41
7] 4l |
< 1)
) \
£ 2 \
< >
oF SRR b S S e L4 GBS E SRS e =
1.0 0.5 0.0 0.5 1.0

Vs FelFe* (v)

(a) Chemical structures of RP-T and its anionic and cationic forms (R = OCygH>1). (b—e) EPR spectroelectrochemistry of P-T and RP-T coated on

Pt wire as the working electrode (0.1 M BusNPFg in CH3sCN was used as the electrolyte, Pt wire as the counter electrode, and Ag/AgNOs as the reference
electrode). Scan rate: 10 mV s*. Ferrocene was used as external standard. CV and EPR were taken in a flat cell quartz EPR tube. (b) CVs and (c) EPRs of
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Reprinted (adapted) with permission from ref. 276 Copyright 2018 American Chemical Society.
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stabilisation and steric protection, respectively. Two-dimensional
analysis of these descriptors revealed that stable radicals appeared
in a distinct region of the parameter space, while most of the
known radical structures were identified quantitatively unstable,
also worth reading in the light of novel carbon-centred n-radicals.
However, in some cases the question about stability may not be so
relevant after all, as we have discussed in this review. Instead, new
questions may arise, for example, about utilisation of short-lived
radical states in different energy/charge transfer processes in
light-emitting and energy harvesting applications without neces-
sarily having to rely on long-lived doublet or higher-spin state
materials. In other words, understanding the radical-like excited
states of closed-shell molecules and tuning their singlet-triplet
energy gaps may provide answers to both stability and lifetime
issues. Over a decade ago, Ikeda et al.>’**”® introduced a concept
where emission of light was obtained from thermally or electro-
nically excited triplet trimethylenemethane diradical. Other pro-
mising and more recent examples were discussed in the previous
chapters.

Neutral n-radicals typically exhibit a low-energy excited state,
which translates to absorption and emission of light in the far-
red/NIR spectral region. Blueshifting radical emission into the
visible red-green-blue is an attractive thought as it would
enable the use of doublet emission in various light-emitting
technologies without the limitations caused by singlet and
triplet excited states.'®'* Increasing the excited CT state energy
of D-A radicals has been demonstrated as a promising strategy
to obtain visible emission,®>**® and it may well lead to further
structural design delivering even higher-energy emission.
Tuning the electron-donating strength of the donor moiety
and electron-accepting strength of the radical unit, torsion
between the donor and the acceptor and rigidity of the mole-
cule have been the common tools to increase the radiative
fluorescence rate and to reduce the nonradiative decay rate.
Plentiful examples were discussed in this review. On the other
hand, could the radical function as a donor if coupled with a
suited acceptor? Wasielewski et al.>®" reported a step somewhat
in that direction by coupling BDPA radical as a third spin in
D-A type electron transfer system (see structure $28, Scheme S2,
ESIT). Covalently connected neutral n-radical increased the rate of
singlet-triplet ISC following photoexcitation up to picosecond
timescale, which may be of great interest for solar energy harvest-
ing applications. Strong NIR absorption would be highly attractive
for energy harvesting, but n-radicals often show weak low-energy
absorption bands arising from excitations to the lowest excited
doublet states. Some strategies to enhance the NIR absorption
were discussed in the previous chapters, such as delocalisation of
the spin density in planar molecules,'* close n-r interactions,'®®
enhancing the CT character*®***°® and via spin-spin interactions
of two or more radical centres.>'***® Examples of n-radical based
solar cells have been reported.*®> However, to the best of our
knowledge, a broadly applicable design is still missing and this
gap will certainly motivate further research in the field.

As for diradicals, this review focused specifically on intra-
molecular spin-spin interactions in molecular diradicals, but
intermolecular diradical couplings deserve attention as well;
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they are important in defining the magnetic properties of macro-
molecular systems. Different from the diamagnetic - and
n-dimers of planar radicals discussed in chapters 2.2 and 2.3,
Zhao et al*®* reported examples of ferromagnetic diradical
assemblies where two fluorene radicals were connected by a
[2.2]paracyclophane unit (see structures $29-S32, Scheme S2
and Table S1, ESIT). Depending on the type of connection either
through aromatic rings or 9-carbon positions of the two fluor-
enyls, the coupling could be switched from antiferromagnetic
(singlet diradical, coupling through n-r stacking) to ferromag-
netic (triplet diradical, through-space coupling), respectively.
Although the stability of the latter system was merely a few
hours under nitrogen atmosphere and the low singlet-triplet
energy gap (ca. 0.1-0.2 kcal mol ') gave rise to weak ferro-
magnetic coupling nature, this work highlights the significance
of relatively long-range (<10 A) through-space radical inter-
actions with minimal SOMO overlap, which could be used more
broadly in the design of ferromagnetic systems. On the other
hand, this work also highlights that ferromagnetic diradicals
(and polyradicals) are commonly unstable, which has limited
the development of related applications. Obtaining truly stable
and isolable high-spin materials has long been a “hot” research
topic,>>'**'%7 and it will certainly continue to be so in the
future. Emerging computational tools that better describe the
electronic states (and the singlet-triplet energy gaps) of diradi-
cals may turn useful in that regard."®”*** On the other hand,
considering practical use of mono-, di- and polyradicals as
semiconductors and luminescent, magnetic, etc. materials,
their properties in the solid state (as opposed to solution or
gas phase calculations) are highly relevant and worth consider-
ing when designing novel n-radicals, as pointed out recently by
Li and Dong.”®

Beyond molecular materials, this review (and the summary
in Table S1, ESIf) indicates that the number of functional
polyradicals is far less than the amount of published mono-
radicals or diradicals. Presumably, one reason is that some
unwanted side reactions may be difficult to control during
various chemical coupling reactions, even though extended
conjugation has been shown to provide additional stabilisation
of the spin centres. Without a doubt, structural defects (including
incomplete conversion of precursor polymers to polyradicals)
are one of the main factors affecting the optical, electrical
and magnetic properties of conjugated polymers. Chemical
reactions are typically carried out on o-hydrogenated radical
precursors but obtaining stable delocalised radicals has been
a great challenge from synthetic point of view. Despite the
remaining challenges, however, conjugated polymers com-
monly deliver many benefits over small molecules, such as
low-cost solution-based processing and possibility to couple
radicals into desired host polymer backbones as intramole-
cular dopants. Therefore, more synthetic efforts are needed
to obtain high molecular weight, highly conductive and
defect-free polyradicals that are specificaly tailored for light-
absorbing, light-emitting, charge-transport and energy storage
applications. Closely related to our discussion, quinoidal
conjugated polymers with open-shell character have emerged

This journal is © The Royal Society of Chemistry 2022
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as an alternative to the classical polyradicals; excellent sum-
maries have been reported recently.>****3

Environmental aspects of materials used in organic (opto)-
electronics often appear no more than curiosities in the
research of high performance, and the same applies to n-radicals.
Although many of the n-radical structures have been proven stable
and thereby pose no immediate threat to the environment in terms
of free radical-mediated reactions, their synthesis often involves
harsh chemistry (see Scheme 2 as an example). That said, neutral
n-radicals can be made water soluble,'***26:128286287 a1 to some
extent also green and biocompatible. Examples of using
renewable resources as material platforms have been reported,
such as disaccharide, p-maltose, coupled with TTM and PTM to
improve the solubility of redox active radicals.”®® Cellulose and
other biopolymers have been functionalised with free radicals for
use in energy applications but, to the best of our knowledge, the
same has not yet been attempted with n-radicals.>*'>** Non-toxic
NIR-emitters are attractive for use as photosensitizers for in vivo
photodynamic therapy and bioimaging applications. Li et al.>*°
utilised the doublet emission of D-A type PTM-TPA radical and
reported the first n-radical nanoparticles for use in photodynamic
therapy. Considering these examples, and various types of inor-
ganic and organic substrates that have been functionalised with
covalently coupled neutral n-radicals,>**>°” they may also find uses
as photoactive open-shell materials in skin- and tissue-mounted
electronics for sensing and related applications. It would be
pleasing to see stronger considerations of environmental and
biocompatibility aspects in the “next-generation” mn-radicals.

288-290

4. Conclusions

Although we summarised and discussed a large number of
structures and promising concepts, only few of the most
sterically congested n-radicals have been successfully demon-
strated in organic optoelectronics applications. Chlorophenyl-
methyl radicals (TTM, PTM, etc.) were the first long-lived
n-radical derivatives reported almost exactly half a century
ago, and despite the recent progress presented in this review,
they are still the basis of the state-of-the-art n-radicals used in
optics, electronics and magnetics.***°® TTM and PTM based
D-A systems and their heteroatom derivatives have been parti-
cularly successful in optoelectronic applications delivering
stable emission from the doublet excited state and facilitating
record-breaking efficiencies in OLEDs, undoubtedly because
of their superior steric protection and energetic stabilisation
associated with kinetic and thermodynamic effects, respectively.
Debate on inertness of the chlorine substituents on chloro-
phenylmethyl radicals regularly arises in the literature, and many
of the published works correctly report variable degrees of
dehalogenation during radical functionalisation (synthesis) and
application (device operation). However, no widely applicable
approach has been reported to tackle these issues. In that
perspective, making non-chlorinated n-radicals bright would be
an appealing research topic in the future. Although chlorine-free
radicals have not been able to deliver such high luminescent

This journal is © The Royal Society of Chemistry 2022
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performances thus far, they have introduced other important
functions to m-radicals. Non-chlorinated radicals have shown
excellent electrochemical stabilities with strong optical contrasts
and multiple reversible redox states. Their optical absorption in
the low-energy deep red/NIR spectral region has been enhanced
by delocalising the radical in planar conjugated molecules.
Strong absorption profile is highly desirable for harvesting the
entire solar spectrum from visible to NIR and - importantly -
n-radicals have been demonstrated to facilitate related energy
transfer processes with reduced energy losses. Stabilisation of
two or more unpaired electrons in diradicals and polyradicals has
opened the possibility to control the open-shell singlet, triplet
and higher spin states with thermal energy. Development of
stable high-spin materials and their utilisation in optoelectronics
would certainly open a new chapter in the field, perhaps even as
metal-like conductors. However, truly polymeric radicals (n > 10)
are still scarce, whether based on interacting or noninteracting
spin centres.”*® More design approaches are needed for func-
tional polyradicals with controlled intra- and intermolecular
spin interactions for use in optoelectronics, charge-transport,
energy storage and related applications, possibly with magnetic
responses. It remains to be seen if this review motivates more
research in the field and leads to the development of electro-
optical m-radicals towards unexpected directions.
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