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Abstract

Organic materials with unpaired eclectrons along with the
discovery of their unique properties have fascinated scientists for over
a century. The development of open-shell molecules has recently
been rekindled as the result of improved synthetic strategies and
spectroscopic techniques. In this focus review, we provide an
overview of open-shell polymers and small-molecules organic
semiconductors. We review strategies toward molecular magnets or

spin-polarized magnetic organic semiconductors that encompasses

» Radical spin-mediated interactions
+ Spin-flip, Spin-transfer
» Radical characters

at ground state

incorporation of stable radical groups directly into the backbone of organic semiconductors or preparing highly conjugated

ladder-type molecules based on open—shell Kekulé—type structures to enable efficient spin delocalization along the conjugation

length. These novel materials have the potential to make significant societal impacts in the areas of information, energy and

human health technologies.
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Introduction

Open-shell organic free radicals with one or more
unpaired electrons are often regarded as highly reactive
intermediates and historically associated with poorly
controlled chaotic reactions.! The discovery of the
triphenylmethyl radical by Gomberg has intrigued scientists
and inspired developments of radicals.” Modern synthetic
organic chemistry takes great advantage of utilizing radicals
in a variety of novel strategies,”® and multiple types of
controlled radical polymerizations have enabled preparation
of functional polymers with well-defined architecture and
uniform molecular weight.”™® In the meantime, the spin of an
unpaired electron in radicals gives rise to magnetism, where
the bulk magnetic property depends on the interaction of the
unpaired electron spin moments.” Conventional organic
electronic devices often ignore the spin property and rely

strictly on the transport of the electrical charge of electrons

upon an external stimulus. In principle, adding the spin
degree of freedom can result in new phenomena,
functionalities and technologies.'’ Indeed, the emerging field
of spintronics or magneto-clectronics/optoelectronics
explores the phenomena that interlink the spin degree of
freedom of electrons and charge degree of freedom.'™"”
Because spin can be manipulated at a faster speed and with
less energy than charges, spin-based devices are expected to
exhibit faster switching times and decreased electric power
consumption than conventional semiconductor devices.'>'®
Metal-based spintronics have undeniably transformed
magnetic data storage and memory applications through
giant and tunnel magnetoresistance in layered magnetic
structures.'” Numerous applications have been explored in
semiconductor-based spintronics and are envisioned for
multifunctional devices including non-volatile memories,*
spin-valves,” spin-transistors,” spin-photovoltaics,” spin-

2425

biosensors, and spin-light emitting diodes.*® While
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organic semiconductor-based spintronics have scarcely been
investigated, they have the potential to transform the field of
spin-based electronics, optoelectronics, and diagnostics.
Molecular-scale organic spintronics devices offer the
potential for miniaturization of spintronics devices in the
semiconductor and microelectronics industries, ease of
fabrication such as roll-to-roll printing, and the ability to
simultaneously engineer the molecular, magnetic, and
electronic structures.

Our group and others have been interested in the design
and synthesis of novel open-shell polymers semiconductors
for electronics and optoelectronics. A central theme is the
fundamental understanding of the structural and physical
factors that control photo-induced spin-alignment in
oligomer/polymer semiconductors, to elucidate the role of
electron spin on optoelectronic devices such as organic light-
emitting diodes (OLEDs) and organic photovoltaics (OPVs),
and to explore the proposed open-shell organic
semiconductors in magneto-optoelectronic devices.

In this focus review, we survey two strategies in the
design of molecular magnets or spin-polarized magnetic
organic semiconductors. First, we review the strategy of
incorporating stable pendant radicals directly into the
backbone of organic semiconductors to enable spin-
delocalization and as an approach to engineer excited-states
in organic semiconductors. Second, we take a brief overview
of the highly conjugated ladder—type molecules based on
Kekulé—type structures, “biradicaloid” molecules, with
closed-shell and open-shell dual structures as a result of the
resonance m-electrons, which leads to biradical
characteristics at the ground state. The unique structures of
biradicaloid have attracted significant research efforts to
elucidate optical, and magnetic properties. Significant efforts
have been dedicated to diradicaloids and it would not be
possible to cover all research in this focus review. We thus
direct readers to the cited reviews on particular topics
alongside our discussions. Finally, we conclude with future

perspectives and potential applications of open-shell organic

semiconductors.
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Incorporation of pendant radicals to modulate
excited-states in organic semiconductors
Controlling the magnetic properties or electron spin
using light radiation can have significant implications in
OPVs and OLEDs.”?*?! Magnetism or spin-coupling in
organic molecules can be achieved by incorporation of
radical groups and exploiting the “through-bond” approach.’
Theoretical studies have long suggested that polymers
containing radical groups can lead to magnetically coupled
or high-spin alignment between the unpaired electrons of the

radicals and the backbone

32,33

pendant of conjugated

polymers. Unfortunately, early reports of ferromagnetic
conjugated polymers were plagued by problems.* Careful
and rigorous examinations eventually led to the realization
that the observed ferromagnetism was due impurities of iron
oxide rather than due to the intrinsic properties of the

35,36
~”  Nonetheless, several groups

conjugated polymers.
thereafter have demonstrated ferromagnetism or high-spin
order in conjugated polymers as a result of intramolecular
spin-exchange interactions through the conjugated backbone

(Figure 1a).*”*

For example, polythiophene with pendant
phenoxyl radicals exhibited a high-spin ground state and an
intramolecular ferromagnetic spin coupling through the

conjugated polymer backbone.**

In 2001, experimental
studies validated the theoretical prediction and the influence
of dimensionality on spin alignment numbers with dendritic
structures which exhibits the highest spin-alignment for
purely organic molecules (S~5000)."

Elegant examples of photo-responsive small molecules
bearing stable radicals have illustrated intramolecular or
intermolecular spin-based properties (Figure 1b)."**
Exchange interactions between two radicals were studied
with EPR and SQUID measurements to determine the
strength and the sign (ferro- or antiferromagnetic) of the two
unpaired electrons connected by a series of thiophene and
bithiophene rings,” and phenylene-ethynylene spacers.?’
Results have shown that short inter-spin distance leads to

strong exchange, and the substituent position of the radical
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has a significant effect on the spin interaction. For example,
the 4,5-1B between the iminyl nitroxide radicals caused a
weak ferromagnetic coupling, while 5,5-IB resulted in an
antiferromagnetic coupling (Figure 1b). Investigation of
interactions  was

(TREPR). The

intermolecular

enabled by

radical-chromophore
time-resolved  EPR

absorptive/emissive signal patterns give a clear indication of

COCC G

Pn-NN Pn-TEMPO

BOD-TEMPO

Figure 1. Examples of conjugated polymers (a) and small
molecules (b) functionalized with pendant radicals
(highlighted in red).

multiplet precursors. Intermolecular interactions between
chromophores and radicals have been extensively studied
and explained by the radical-triplet pair mechanism
(RTPM).* > Thus, we will focus on intramolecular-radical
interactions upon photoexcitation. The concept for
controlling magnetic properties by photo-excitation was
examined using SiPc-TEMPO, a silicon phthalocyanine
bearing two TEMPO radicals, and zinc porphyrins

51,52

coordinated by pyridyl nitronyl nitroxide radicals. In
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SiPc-TEMPO, modulating the population of singlet and
triplet ground state was difficult to achieve. However,
photoexcitation of the phthalocyanines directly resulted in a
selective population from the excited multiplet states to the
triplet ground state.” Further studies of SiPe-TEMPO using
TREPR and transient absorption revealed that the spin
polarization originates from the spin-selective relaxation of
the excited states.”” TREPR of intramolecular radical-excited
state pair was accurately simulated on zinc porphyrins which
interpreted the quartet state as a result of selective ISC.”!

54,55
=2 and

Incorporation of nitroxide radicals in fullerene
anthracene®®™’ derivatives were discovered to result in a
photo-induced spin alignment that yields photoexcited
quintet state generated by interactions of the chromophore
excited triplet states and the radicals. The unpaired spin in
the nitroxide radical DPA-IN published in 2001 shown in
Figure 1, was found to be coupled to the diphenyl anthracene
moiety through m-conjugation, and the photo-induced spin
alignment was apparently dependent on the topology of the

. . . . . 56,58
organic semiconductor relative to the organic radical.”™
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Figure 2. Common decay pathways of singlet excited
molecule A with a pendant radical R®.

Early interests in combining chromophores and nitroxide
radicals emerged because of the unique photo-magnetic
switching that can lead to excited states with multi-spin
systems and for potential applications as molecular
fluorescent probes.” Examples of intramolecular
chromophore-nitroxide radical interactions have been
reviewed by Likhtenstein and coworkers.” Figure 2

highlights the common decay pathways of quenching as a

Page 3



result of appending radicals to a fluorescent chromophore. In
the absence of a pendant radical, photoexcitation of molecule
A leads to the singlet excited state (‘'A*). For a highly
fluorescent molecule, fluorescence is the major decay
pathway from 'A* to the ground state 'A, and the spin-
forbidden ISC from 'A* to the triplet excited state CA¥) is
usually very slow.®’ However, a pendant radical (R*) would
complicate the situation by introducing a variety of other
possible decay pathways (Figure 2). In general, if a radical
can cause any of these pathways to operate efficiently with a
large rate constant, depletion of 'A* would happen more
rapidly than without a radical. Depending on redox potentials,
electron transfer (ET) may happen between 'A* and R®
which leads to the formation of radical cation or anion (A*"
or A*"). For instance, conjugation of phenoxyl radical to
highly fluorescent perylene diimide (PDI) results in
fluorescence quenching of PDL® The fluorescence
quenching in PDI is attributed to ET, that is visible from
steady-state spectroscopy due to the intramolecular charge-
transfer complex observed at near-IR wavelengths.”'
Although the two radicals connected to the 1,7-positions of
PDI could possibly lead to a quinoidal closed-shell
resonance  structure, experimental and theoretical
evaluations concluded a large singlet diradical character of
y=0.72, and a small singlet-triplet energy gap of 0.041 eV for
the PDI diradicals, due to the gain in aromaticity in the
diradical form.®" Forster or Dexter types of energy transfer
(EnT) from 'A* to R® that forms excited radical (R**) are
also possible, given considerable spectral and wavefunction

62,63
overlap.™

Enhanced intersystem crossing (EISC) is an
important and widely recognized pathway that the radical
triggers the conversion of 'A* to >A* in rigid chromophores
such as PDL* pentacene,” boron dipyrromethene
(BODIPY),* due to the strong spin-orbit coupling caused by
the paramagnetic species. Spin-flip of the radical in EISC
could keep the spin multiplicity of the radical-chromophore
ensemble constant (doublet), thus accelerating the formerly
spin-forbidden process. Studies of the PDI-BPNO radicals

present a great example that systematically investigated each
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possible photophysical pathway using various spectroscopic
methods, including steady-state and ultrafast transient
absorption (TA) spectra, as well as TREPR and other
characterizations.® Based on the energy levels of PDI with
respect to BNO radicals and lack of solvent polarity
dependence, the authors were able to immediately exclude
ET and EnT as major contributing pathways. On the other
hand, observation of triplet PDI in TA spectroscopy and its
associated TREPR pattern confirmed the significance of
EISC following the excitation of PDI.* The environment can
also play a significant role in whether promoting ISC or other
competing pathways. For example, EISC of a photoexcited
PDI-nitroxide radical in toluene was very efficient, but ET
was the major process in more polar solvents such as
tetrahydrofuran (THF).*” Pentacene is well-known to be
sensitive to ambient environments. Conjugation of pentacene
with NN (Pn-NN) or oxoverdazyl radicals at the central
position resulted in a dramatically robust photostability and

889 Ultrafast

prevented photo-oxidation and photobleaching.
transient-absorption spectroscopy and simulation studies
suggested that the improved photostability is due to rapid
depletion of the 'A* to *A*. This process was attributed to
both EISC and singlet fission, which is a relatively rare
circumstance in solution.” Interestingly, varying the radical
structure and the radical-chromophore linkage on the same
pentacene chromophore gave rise to largely different
photophysical properties. In contrast to the Pn-NN, the
appended TEMPO radicals did not quench the fluorescence
of pentacene in Pn-TEMPO derivatives.”” Ultrafast TA
suggests that rather than de-population of 'A*, the radicals
selectively engaged SA* through the electron spin
polarization transfer (ESPT) mechanism.””"

In addition to the above-highlighted examples of EISC,
incorporation of radical may also lead to enhanced internal
conversion (EIC). The EIC is a competing process to EISC
that leads to the recovery of ground state 'A. Although EIC
is a common process, it is generally very difficult to measure

directly because typical spectroscopic methods do not

provide direct confirmation. Nevertheless, EIC can still be
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quantified indirectly after carefully determination of the
kinetics of other competitive pathways.64

In complex situations where the chromophore component
is a donor-acceptor assembly, electron-/spin- transfer was
elucidated in a series of covalent donor-acceptor-radical (D-

A-R®) triads by Wasielewski and coworkers.””"

Briefly,
selective excitation of D initiates electron transfer that
generates D"*-A"*-R®, a triradical where the spin of only
D"*-A"* is correlated but uncorrelated with R*.”> Subsequent
electron transfer and the reduction R® within this triradical
became spin-selective. The formation of monoradical
species D**-A-R™ only originated from D**-'(A™*-R*) but not
D™*-*(A™*-R"*).” These spin-selective redox reactions in D-
A-R® systems may help to explore control of spin
interactions and new approaches to quantum information
processing applications.”

In addition, excitation of photo-responsive radicals can
lead to subsequent structural changes which may affect
radical exchange interactions. The cis-diarylethylenes with
reversible

UV/visible

two terminal NN radicals can undergo

photochromic  reactions upon alternate
irradiation.” EPR spectra suggested the radical interactions
also reversibly changed with the photochromism, and a 150-
fold difference was observed between open- and closed-ring
form isomers.”® Stronger magnetic interactions was detected
through thiophene rather than through phenylene spacers,
and the photochromic reactivity with thiophene spacers was
reduced.

Recently, there has been a surge in exploring
chromophores bearing radicals in applications ranging from
biomedical to electronics and optoelectronics. For example,
In 2012, a rhodamine-TEMPO dye was utilized to probe
intracellular ROS (reactive oxygen species) detection and
has been shown to be a promising candidate with high
sensitivity, selectivity, and photostability.”’ Fluorescence
emission of rhodamine is deactivated by incorporation of
TEMPO radical as a pendant group. The rhodamine-TEMPO

reacts with ROS which results in a turn-on strong

fluorescence of rhodamine.”” Studies in 2017 of BODIPY-
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anthroxyl radical as a ROS probe emphasized the
significance of kinetic blocking to achieve reasonably stable
radical product, while unblocked radical easily decomposed
in ambient enviroment.”® In 2017, EISC was observed in the
BOD-TEMPO by appending TEMPO radicals to the
BODIPY core using click chemistry.® The triplet BODIPY
formation was highly effective and was further employed as
a triplet sensitizer for photon upconversion, where triplet
energy transfer occurred from BODIPY sensitizer to the
perylene acceptor, followed by triplet-triplet annihilation
(TTA) of perylene.® Recently, chlorinated-triphenylmethyl
radicals were shown to be stable radicals that exhibit high
quantum yield of photoluminescence.” A carbazole
derivative of the same class of radicals was examined as an
emissive material in OLEDs and showed comparable
performance to non-radical deep-red organic semiconductors.
This approach exploits the potential of open-shell molecules
as the emissive layer in OLEDs devices.™ This is a strategy
that provides an alternative route to harvesting triplet
excitons and spin-forbidden triplet decay because the
emission directly comes from the radical and involves the

singly-occupied molecular orbitals of the radical.*

Ground state open-shell radical characters

While the work mentioned above mostly focused on the
influence of radicals on photoexcited states of organic
chromophores, efforts have also focused on exploring the
intrinsic  radical characters of some unconventional
structures, seemingly closed-shell molecules without a
persistent radical. These structures usually contain
conjugated double bonds that are highly delocalized along
the m-conjugated backbone. The p-quinodimethane (p-QDM)
building block is essential for the two important resonance
forms: closed-shell “quinoidal” and open-shell “aromatic”
diradical dual structures (Figure 3a). On one hand, the
diradicals benefit from gains in aromaticity which stabilizes
the structure. On the other hand, according to topology rules
widely acknowledged previously,*' the two radicals in a p-

QDM unit would incur strong antiferromagnetic coupling,
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for which the bond formation would be an extreme case.
Unsubstituted p-QDM or its longer analogs with extended
conjugation were never isolated due to its high reactivity,*

thus strategies to stabilize

(@) pn Ph Ph Ph
. ° -
PH C Nph PH C Ph

Thiele's hydrocarbon

n=1,
n = 2, Tschitschibabin's hydrocarbon

(b) Nc CN

Q5 as open-shell aromatic diradical

NC — — CN
S S S
NC

Q5 as closed-shell quinoidal

Figure 3. (a) Resonance structures of Thiele’s and
Tschitschibabin’s hydrocarbons with p-quinodimethane (p-
QDM) highlighted in red. (b) Cyanoquinoid oligothiophene
in open-shell aromatic diradical and closed-shell quinoidal
resonance structures.

the p-QDM analog radicals have been continuously pursued.
Thiele’s® and Tschitschibabin’s** hydrocarbons were the
earliest examples in 1900’s of using bulky phenyl groups to

858 Tetrabenzo-annulation further

stabilize the radicals.
increased the stability of Tschitschibabin’s hydrocarbons by
incorporating more fused benzene rings, therefore, more
aromatic sextets.”” The chemically stable tetrabenzo-
Tschitschibabin’s diradical showed an intriguing slow
transformation from open-shell to closed-shell ground state,
likely due to the huge energy barrier produced by the
adjacent anthracene rings."’ Phenoxyl radicals bridged by
two anthracenes formed bisanthryl and bisanthenequinone,
which exhibited closed-shell ground state character, intense
near-IR absorption and reversible ambipolar redox
behavior.®®  Electron-withdrawing moieties such as
cyanoquinoid structures, as two terminal dicyanomethylene
groups, were also efficient to accommodate quinoidal
diradicals and led to primitive highly conducting donor-

% These aromatic and

acceptor charge-transfer complex.
quinoidal structures are also of great significance and give

rise to interesting electronic and optical properties in
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90,91

conjugated polymers.” " To fully understand the structures,

properties, and behaviors of open-shell polymer
semiconductors in optoelectronics, studies of simple
oligomeric analogs serve as a good model. Using the

“oligomer approach”

allows for the synthesis of well-
defined chain-length for probing the structure-property
relationship along with using theoretical computations to
guide design and predict properties. Review on aromaticity
and its influence on oligomeric ground state radical

characters in various types of small molecules was written

by Wu and coworkers in 2015.%
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Figure 4. Calculated relative energies between the singlet
closed-shell (SCS), singlet open-shell (SOS) and triplet (T)
states for increasing number of thiophene rings in the quinoid
oligothiophenes. Reprinted with permission from reference
93. Copyright 2011 American Chemical Society.

The broader scope of these diradicaloids includes
variations of the p-QDM unit, such as replacing the backbone
benzene rings with thiophenes for oligothiophene diradicals
(Figure 3b). It was known from extensive polythiophene
research that twisting around the C-C single bond between
thiophene units in its aromatic form may reduce the effective
conjugation length,” while the formation of quinoid
segments is known during the oxidative p-doping of
polythiophenes,”” which increases the planarity of the
polymer and conductivity. Combination of cyanoquinoid and
oligothiophenes offered a great platform for systematic
linear extension of conjugation length or fused-ring varieties,
for establishing ground state character as a function of
oligomer structures. A detailed review has been published in
2012 by Navarrete and coworkers on the unconventional

electronic structure, optical and magnetic properties, and
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material research of quinoidal oligothiophenes.” Briefly,
significant red-shift of absorption wavelengths was observed
for each quinoidal oligothiophene compared to their non-
substituted counterparts.”’ For example, the maximum
absorption of Q5 reached 913 nm and an extra thiophene unit
in the series had an absorption peak beyond 1000 nm, both
attributed to intramolecular charge-transfer transition.”’
Although shorter quinoidal oligothiophene tends to exhibit
closed-shell properties, it gradually transformed into an
open-shell with prominent diradical characters upon an
increase in the conjugation length, as a result of the

restoration of aromaticity.g7

In both experimental and
theoretical studies, quinoidal oligothiophenes resulted in a
very small singlet-triplet (AEst) energy gap, only of about
2.6 kcal/mol for Q5, thus allow thermal population of triplet
states.” Among quinoidal oligothiophene, Q5 shows
sufficient stability due to a considerable number of aromatic
rings that compensate for the open-shell diradical.”” Further
computational work summarized the length-dependent
preference of open-shell vs. closed-shell singlet ground
states (Figure 4).93 From structure manipulation aspect, an
increase in the number of thiophene rings of the quinoid
oligothiophene extends the conjugation length and in turn
also increases the distance between terminal radicals. This
results in a decrease in the AEst, the energy gap between
singlet and triplet (Figure 4). The continuous decrease in the
AEgr eventually reaches a negative value, which is indicative
of preferred lower energy triplet state diradical.

In addition, polyradicals were demonstrated with
fluorene and carbazole units in linear conjugated” and
macrocyclic fused'” structures. In both cases, the backbone
of the oligomer was repeating Tschitschibabin’s
hydrocarbon analog and the entire molecule behaves as a
singlet ground state as a result of the antiferromagnetic

919 1 other diradicaloids which

coupling of polyradicals.
can be regarded as variations of conjugated p-QDM blocks,
this length-dependent ground state preference was also a
determines radical

major contributing factor that

characteristics in the ground state. Compared to the same
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number of repeating thiophene units, connection through the

3,10-positions of perylene effectively doubled the
conjugation length,'’" thus enabled studies of long-range
diradical behavior with the span of oligo(p-QDM) up to 12
p-phenylene linkers.'” As the number of N-annulated
perylene spacer increased, the ground state of the oligomers
gradually evolved across three characters: (a) closed-shell
quinoid with only one perylene spacer unit; to (b) open-shell
singlet diradical with 2~4 units, and eventually (c) triplet

diradical in the presence of 5 units.'*

phenalenyl p-QDM

zethrenes

bisphenalenyls

Figure 5. Bisphenalenyls and zethrenes as structural
combinations of phenalenyl and p-QDM blocks.

The highly-fused open-shell polycyclic aromatic
hydrocarbon (PAH) is another class of biradicaloid due to its
aromatic/quinoid resonance forms."” PAHs are excellent
candidates for organic optoelectronic materials, and relevant
reviews are available on topics such as functionalized
(hetero)acenes,'”'** low band gap PAHs,'” and advances in

106

nano-graphene chemistry. = Visualized by Clar’s sextet

"7 many large PAHs yield ground state radical

rule,
characters as a result of restored aromaticity. PAHs can be
considered as structural combinations of p-QDM and other
non-Kekulé aromatics such as the phenalenyl radical (Figure
5). The bisphenalenyls prototype that connects two
phenalenyl with one p-QDM was reported to possess
moderate singlet biradical character with a small HOMO-

LUMO energy gap.'”™ The two delocalized radicals in the

bisphenalenyls have strong intramolecular interactions, and
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because of the flat geometry that facilitates n-stacking,
strong intermolecular interactions between the unpaired
electrons were also characterized. In contrast to quinoidal
oligothiophene and analogs, the spacer between the two
phenalenyls was typically extended by fusing p-QDM units
that resemble acenes and keep all 5- and 6-member rings
fused together. Reports in 2012 demonstrated that extension
of the conjugated length provide small optical band gap,

sections, and increased

109,110

large  absorption  cross

semiconducting properties. Increase in the fused p-
QDM ladder bridge length can also lead to the larger planar
conjugated core that facilitates intermolecular n-stacking, as
well as further spatial separation of intramolecular
phenalenyl terminals. The anthracene-linked bisphenalenyl
exhibits highly ordered slip packing in crystals, with an
intermolecular distance of only 3.1 A, even shorter than the
van der Waals contact of carbon atoms.''’ Such close contact
and covalent bonding interaction between molecules painted
a picture of strong intermolecular and weak intramolecular
interactions in the bisphenalenyls crystals.'*”'"’

Similarly, the zethrene biradicaloid can be seen as two
phenalenyl radicals sharing carbon atoms with the p-QDM
bridge (Figure 5). The basic zethrene favors a closed-shell
quinoid ground state.*” Extension of the central fused p-
QDM ladder bridge affords the longer derivatives of zethrene,
namely heptazethrene and octazethrene.'"' Steric-group
substituted zethrenes are decently stable and radical
characters becomes more prominent at extended zethrenes,
especially  the diradical

singlet ground state of

octazethrene.'"" Interestingly, a series of substituted zethrene
diradicaloids were found to result in a formation of the
triplet-pair state upon photoexcitation that leads to efficient
singlet fission."'” It could be envisioned that should the fused
p-QDM bridge be sufficiently long, the ground state of
bisphenalenyls and zethrenes can also lean toward triplet
diradicals, similar to finding in the oligo(N-annulated
perylene) discussed above.

Structures with 4n m-electrons classified as antiaromatic

by Hiickel's rule emerged as a new approach for ground state
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diradicals. An example among the latest development is the

quinoidal methano[10]annulene, which exhibits small
singlet-triplet energy gap and a significant geometry change
from contorted Sy to planar Tl.m Its stability was attributed
to Baird’s rule in which excited state aromaticity consists of
4n m-electrons.'"” The p-QDM bridged bisphenalenyls can be
regarded as the core-extension analog of indenofluorene,''*
known as a series of 20-electron PAH structures (Figure 6a).
Indenofluorenes have been studied by Haley and others as a
prototype for ladder polyradicals, and several fusion modes
indenofluorene derivatives were

that provide stable

identified.!'>!'” While most of the basic indenofluorene

AeeSs ol esYs®

diindenoanthracene (DIAn) Nat. Chem. 2016, 8, 753

(c)
O OGG O d'be";‘;[:ezlzﬁgltlalene

es

dibenzola,flpentalene
(singlet diradical)
O J. Am. Chem. Soc.,
2017, 139, 15284

Figure 6. (a) Quinoid and diradical structures of
indenofluorene in different fusion modes, and examples of
(b) diindenoanthracene, (c) bis(benzothia)quinodimethanes
and (d) dibenzopentalene.

BAB-Hep (y = 0.38)
Angew. Chem. Int. Ed.
2016, 55, 9316

structures proved to be closed-shell quinoid at ground state,"
radical characters emerge as the result of an increase in m-
conjugation length. Examples include diindeno-fused
naphthalene and anthracene which exhibit radical characters
(Figure 6b). Fusion of QDM rings provides a strategy to

enable facile synthesis of DIAn as a stable singlet diradical
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with thermally accessible triplet excited state (~4
keal/mol)."""" Further studies revealed that DIAn can also
form stable charged species with its rich and reversible redox
activities, and could be potentially excellent materials for
ambipolar organic field-effect transistors.'”” Expansion of
the indenofluorene structure can be carried out in two
directions: along with or perpendicular to the ring alignment.
Both were demonstrated in new stable PAHs of
indenotetraphene, indenopicene, and phenanthrotetraphene
in 2017."*" These large antiaromatic PAHs consist of 4n 7-
electron systems and slightly curved molecular structures.'?'
They exhibit low bandgap and reversible redox activities,
and preliminary results show promising potential as charge
transport materials in OFETs.

Generally, in the case of open-shell polycyclic aromatics
containing heteroatoms, an increase in the conjugation length
leads to an increase in the diradical character (Figure 6¢),'*
similar to what has been reported with open-shell PAH. This
effect of length dependence was found to be more
pronounced in zethrene derivatives than in (hetero)acenes.123
Meanwhile, fusion mode is another factor that plays a role in
influencing the radical character in the ground state. For
example, the recently reported dibenzo[a,f]pentalene
exhibits strong anti-aromatic character and unusual singlet
diradical features in a rather short conjugation length (Figure
6d),'** contrary to the dibenzo[a,e]pentalene known as a
closed-shell molecule.

The m-QDM is known as a ferromagnetic spin coupling
unit which leads to persistent diradical properties, contrary
to the antiferromagnetic spin coupling unit p-QDM bridge."'
While the core structure of Dibenzopentacene (DP) has the
desirable m-QDM at the central part of its structure (Figure
7a), isolation of the core ring without side groups remained

125 Wu and coworkers

elusive due to the high reactivity DP.
were able to synthesize and isolate DP-Mes by kinetically
blocking the reactive 5,7-positions with mesityl groups. DP-
Mes is stable at —78°C and exhibits rare persistent triplet
diradical characteristics (Figure 7a).'* The triplet character

was attributed mainly to the spin delocalization in the DP

Focus Review (Polymer Journal): Materials for New Functions

framework. In some cases, p-QDM or m-QDM architecture
may not play a significant role in influencing the diradical
character. This was evidence in the case of BODIPY bridged
by p-QDM or m-QDM coupling units (Figure 7b)."*® More
recent studies on benzo-thia-fused thienoacene derivatives
(Figure 7c¢) revealed that diradical character (y) not only
depends with extended ring fusion but is also related to the
anti-aromatic or pro-aromatic nature of its structure, with the
latter giving higher y values.'””'*® Open-shell ground state
diradical can be also obtained by chemical reduction of
neutral species, as demonstrated by phosphorus-centered
diradical dianion synthesized from diphosphaalkene and
isolated as crystals.'*

(a)

Mes

OO‘O‘OO - %O@ QQ

dibenzopentacene (DP-Mes)
Chem. Sci., 2014, 5, 1908

BODIPY with p-QDM (left) or m-QDM (right)
Angew.Chem. Int.Ed. 2016, 55, 2815

(c) anti-aromatic pro-aromatic
S S S
oY R
= S S
R S S R R R
S3 (y = 0.03) Th3 (y = 0.18)
s R
S 0
R O ] O / O R'
. S 3
R
BDTh (y = 0.38)

pro- vs. anti- aromaticity
Chem. Sci., 2016, 7, 3036

Figure 7. Recent examples of polycyclic diradicals.

Future prospects

There has been tremendous interests and developments
in the field of open-shell organic semiconductors. Singlet
diradicaloid with moderate diradical character exhibits very
interesting properties that range from small energy gap,
unique magnetic and thermo/photo-magnetic behavior, to

enhanced third non-linear responses. Certainly, these
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properties are poised to enable new functions and
applications ranging from field-effect transistors, solar cells,
RFIDs, to organic spintronics. While there are diverse and
impressive structures of diradicaloid reported to date, most
studies have focused on small molecules and oligomers. This
is because the synthesis of highly conjugated stable
structures and polymers remains to be elusive and a
significant challenge. Current synthetic strategies of open-
shell PAHs often require multiple steps in series, and the
final open-shell PAH products are not always shelf-stable.
PAHs with even longer n-conjugated systems are expected
to show intriguing properties including quartet radical
characters or even polyradical characters that may lead to
Thus, the

ferromagnetism and  superconductivity.

development of synthetic strategies to produce polyradicals

is a crucial aspect toward propelling this field to the forefront.

Open-shell PAH polymers could be the conduit to the
realization of anticipated novel properties and enable broader

50 In addition,

application in magneto-electronic devices.
from the observed EPR signals, diradical characters were
proposed in a variety of low-bandgap small molecules and
polymers with conjugated donor-acceptor moieties as the
molecular backbone."*""** The push-pull effect and electron
delocalization in these examples is crucial in stabilizing the
intrinsic diradicals, providing another strategy to design new
polymer semiconductor structures and study its relationship
with radical property.'*>'*?

Incorporations of radical pendants to m-conjugated
molecules can be a powerful strategy toward engineering
excited-states. There is great synthetic flexibility that allows
for systematic structure-property correlation studies.
Although handful studies have investigated the influence of
the distance between pendant radicals and the m-system on
the ISC process, possible structural factors such as m-
conjugation length, number of radical units per conjugation
length, electronic coupling, and geometrical influence are yet
to be determined. For example, it is not clear yet what are the
important structural and electronic parameters that are

required to mediate EISC and that determine excited state

Focus Review (Polymer Journal): Materials for New Functions

energy levels upon photoexcitation in open-shell organic
semiconductors. Recently, there has been significant interest
in harvesting triplet exciton through EISC for potential in
optoelectronic devices. Thus, this area of research would
benefit tremendously from combinations of materials design,

spectroscopic studies, and computational theory.
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