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Radicals, organic molecules with unpaired electrons, are applied across different scientific disciplines
such as electronics, energy storage and biochemistry. Among them, due to the extensive delocalization
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DOI: 10.1039/d0gm00122h great potential in applications. In

of the spin on the arene and the endocyclic nitrogens, Blatter radicals possess unique electronic and
magnetic properties. Importantly, the excellence of chemical and thermal stability makes them have

this review, the synthesis, properties and applications of Blatter radicals

from recent developments are summarized. Furthermore, the future developments of Blatter radicals are

rsc.li/frontiers-materials also speculated.

1. Introduction

The 1,2,4-benzotriazin-4-yl radical, also known as the Blatter
radical, was first reported in 1968." Blatter-type radicals 1 have
many interesting physical properties such as antiferromagnetism®>”
or ferromagnetic interactions,>” ' spin-n-delocalization,"" nar-
row electrochemical window'>"® and low excitation energy,*"
which allow them to attract more and more attention from
scientists. More importantly, Blatter radicals have excellent
stability to air and water, and are stable for up to 30 years.'®
Hence, Blatter radicals have been applied in controllable
polymerizations,"”® molecular electronics,"® photodetectors,>
liquid crystal photoconductors and so on.?! In addition, the
influence of intramolecular spin-spin interaction on the pro-
perties of Blatter diradicals has emerged as an interesting
field for exploring their unique properties, such as low energy
gap, ambipolarity and convertible spin states in advanced
applications.>*2¢

The basic structure of Blatter radicals has three functional
aromatic sites. Each of them provides different opportunities to
alter their properties. As we can see from Fig. 1, the unpaired
electron mainly locates at the triazine core and aromatic site 2.
Interestingly, very little spin is distributed onto the aromatic
site 3, which makes it spin isolate. Aromatic site 1: the unpaired
electron on 1,2,4-benzotriazinyl is partially delocalized to the
aryl group on the N1 position due to the steric interaction
between the aryl substituents of N1 and the 1,2,4-benzotriazinyl
core. The torsional angle between them can be varied with the
change of substituents. Modification of the substituents at the
N1 position will significantly affect the molecular packing in
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Fig. 1 (a) The structure and (b) spin density distribution of Blatter radicals.

the solid state, leading to a change in the magnetic
properties.>”*® Aromatic site 2: a large proportion of unpaired
electron can resonate at this site. According to the literature,
when the C7 position is not protected by any groups, owing to
higher spin density,>'* it is more reactive than the other
positions. To prevent the C7 position from being oxidized to
quinone,>®'#?°7? Koutentis introduced a trifluoromethyl
group to make it super stable.® On the other hand, when C6
and C7 are bridged to aromatic groups, the spin can be further
delocalized into the additional aromatic rings.>>®'>*® This
allows us to induce a spin-spin interaction within or between
the molecules, which provides a great chance to investigate the
high-spin state and semiconducting properties of m-extended
Blatter radicals. Aromatic site 3: It can be found that the
unpaired electron of 1,2,4-benzotriazinyl cannot resonate to
the C3 position. Therefore, the aryl substituents at C3 are spin
isolated. However, the introduction of different substituents at
the C3 position can impact their physical properties without
affecting the properties of radicals.”?*%343>

In this review, we discuss the synthesis, properties and appli-
cations of a series of Blatter radicals, and describe the future
developments and potential applications of Blatter based
materials. We hope that this review will encourage more
scientists to help Blatter radicals reach their full potential.
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2. Synthesis

Koutentis et al. briefly summarized the chemistry and applica-
tions of Blatter radicals up to 2016 in their review of stable
N- and N/S-rich heterocyclic radicals.’® The synthesis of
1,3-diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl (Blatter) was
first reported in 1968." To further improve the yield and
simplify the preparation of Blatter radicals, new synthetic
routes have been developed by researchers in recent years.
According to the different precursors of forming Blatter radicals,
the synthesis route is divided into three strategies.

Route 1. This is a classical route to Blatter radicals (1).
As shown in Scheme 1a, the ring closure of 2 to 1 occurs at
the N1 position.”® The mechanism of route 1 was proposed in
the literature.’” The conversion of 2a to 2b could thus involve
two-electron oxidation of 2a in situ to give the 1,2,4-triaza-
butadienes 2b, and subsequent ring closure to benzotriazines
and further oxidization to Blatter radicals 1. As an alternative,
the amidrazone could undergo a one-electron oxidation to a
hydrazonyl radical 2¢, followed by cyclization to a benzotriazine
and further oxidation to yield 1. The optimization of this route
is mainly composed of two parts, one is the synthesis of 2a, and
the other is ring closure from 2a to 1.

In the early time, the most frequently used method for
synthesizing 1 with 2a was a product-specific synthesis in
moderate yields and involved excessive amounts of mercury
oxide or silver oxide as oxidants, which are toxic and expensive.'*'®
Due to the limitation of synthetic route, its derivatives received
little attention. Later, a variety of oxidants have been used in the
oxidative cyclization, including palladium-on-carbon (Pd/C)/air/1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU),**** ruthenium(m) chloride
(RuCls) and potassium ferricyanide (K3[Fe(CN)e]). The most com-
mon route is using DBU/air as the final ring closure conditions.
Koutentis and coworkers reported a simple and efficient synthetic
method of Blatter radicals by adding Pd/C to DBU/air conditions,
bringing the yield of radicals 1 to 87-95%.

The following two routes were recently developed (Scheme 1a).
In the first route, amidrazones 2a need to be carefully isolated
from the mixture of three products (2a, 3¢ and 3d). The yield of
Blatter radicals 1 highly depends on the purity of the starting
amidrazones 2a. Synthesis and purification of amidrazones 2a
is a critical factor. When the amidrazones have been purified by
recrystallization, the yield can be significantly improved (>90%).
However, not all amidrazones can be easily crystallized, and in
particular, electron-rich analogues are rapidly oxidized upon
storage. The second route, which involves the preparation of
3e and condensation with 3f, minimized the formation of
byproducts and is currently the preferred route.™

Route 2. The difference between route 2 and 1 is the
oxidative site. The strategy is to form hydrazides 4a and then
cyclodehydrate to radicals 1 (Scheme 1b). The strategy can
avoid the formation of highly reactive intermediates, such as
the amidrazones 2a or the imidoyl/hydrazonyl chlorides 3a and
3e. The optimization of the route consists of two parts, one is
the synthesis of hydrazides 4a, and the other is the ring closure
from 4a to 1.
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Scheme 1 Synthetic routes of Blatter radicals. (R; = aryl; R, = aryl/
heterocyclic aryl, CFs, SMe, Cl, Br, I; Rz = aryl, CFs, ‘Bu.)

Koutentis and his coworker developed a route to hydrazides
4a (Scheme 1b)."® They substituted halonitroarenes by hydrazides
to give compounds 4a directly. This scheme was specifically
developed for analogues with alkyl groups at R3. However,
when R3 was methyl or trifluoromethyl, the yield was low.
They redesigned the route and introduced the readily avail-
able 1-benzylidene-2-phenylhydrazine (5¢), which overcame
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this problem through a multi-step route. Their strategy was
inspired by the early synthesis route by Blatter et al.' Subse-
quently, the nitro group in hydrazides 4a is reduced, and then
cyclodehydrated by acid-mediation to obtain the fused triazine.
Finally, the desired radicals 1 are obtained after alkali treatment.

The advantage of this route is that it leads to the radical via a
stable precursor 4a and a unimolecular cyclodehydration
step.®® Furthermore, the R1 and R3 of the precursor 4a can
be a range of substituents.

Route 3. The overall yields of the above-mentioned routes
are relatively low. Also, they failed under some conditions
because of involving either amidrazones or hydrazides as inter-
mediates and low reactivity and regioselectivity of N-acylation.
Therefore, post-cyclization ring substitution has been devel-
oped in the formation of radicals 1. The greatest advantage of
this route is the vast choices of different functional groups at
the N1 position. More importantly, substituents at the N1
position can effectively control the spin distribution, electro-
chemical properties and intermolecular spin exchange interac-
tions of the Blatter radicals.*®

In this route, the organometallic reagents (‘BuLi/Mg/"BuLi)
are added into the solution of benzo-1,2,4-triazines 6a, followed
by oxidizing the anion intermediates 6b to radicals 1 in air
(Scheme 1c). Benzo-1,2,4-triazines 6a can be easily prepared
in a three-step process from benzhydrazides, which were
N-arylated with fluoronitrobenzene to form the hydrazides 7c,
with subsequent ring closure to 6a under reductive conditions
(Scheme 1c¢),”® which is almost the same synthetic protocol
used for preparing the compounds described in Route 2. The
method is general and permits the introduction of a substitu-
ent at the N1 position at the post-cyclization step.*® However,
this step also requires inert conditions and suffers from poor
tolerance of functionalities that are incompatible with aryl or
alkyl lithium agents.

Other routes. In addition to the above routes, new methods
have been continuously reported, such as aza-Wittig
reaction,’® copper-catalyzed coupling reaction,” Pschorr-type
cyclization® or the use of bench-stable carbene derivatives as
intermediates.®”

The reaction of N-aryliminophosphoranes and 1-(het)aroyl-
2-aryldiazenes in diphenyl ether leads to the in situ formation of
the oxidized amidrazone leading directly to Blatter radicals with
moderate to good yields (Scheme 1d).*° This short synthesis
method is an aza-Wittig reaction, which avoids the formation
of moisture sensitive imidoyl chlorides, oxidatively unstable ami-
drazones, expensive reagents or organolithium bases. It also
can introduce a relatively wide range of substituents, providing
access to analogues that are difficult to prepare through Routes 1,
2 and 3.

When Ma’s transition metal catalysed couplings are used to
couple iodoanilines with hydrazides, the cyclodehydration
route becomes shorter, and Blatter radicals are produced in
one pot (Scheme 1d).” The synthesis time is shortened, and the
total yield is also improved.

Upon the recent developments in the synthesis of Blatter
radicals, the design flexibility and structural varieties have been

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 2 The structures of selected Blatter radicals.

enhanced significantly (Fig. 2 and 5), which makes them
suitable for future applications.

3. Properties
3.1 Chemical stability

Among the unique properties of Blatter radicals, chemical
stability is one of the most important properties, which is the
basic premise of any applications. Generally, the radicals are
stabilized by increasing the steric hindrance of the spin centers
or by delocalizing the unpaired electron. For Blatter radicals,
the unpaired electron is not localized at the N4 position, but
can resonate to multiple positions of 1,2,4-benzotriazinyl,
forming multiple resonance structures. It is exciting to note
that the 1,3-diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl prepared
by Gazetdinova et al. still retain their properties after 30 years.*'
Moreover, the introduction of substituents such as trifluoro-
methyl, thiophenyl, phenyl and 4-fluorophenyl can inhibit oxida-
tion at the C7 position, thus protecting the spin center and
improving the oxidation stability of 1,2,4-benzotriazinyls. Kouten-
tis et al. introduced a trifluoromethyl group to the C7 position of
the Blatter radical and obtained radical 2, which significantly
improved the chemical stability of 2 under strong oxidative
conditions.® Classic Blatter and compound 2 were treated with
either MnO, or KMnO, as oxidants, and it was found that Blatter
became benzotriazinone after several days, while radical 2 main-
tained the original structure. Hence, it was called a “super stable”
radical. Although in one rare case, oxidative dimerization has
occurred to give a new dimer monoradical.*>

3.2 Optical and electrical properties

Because of the conjugated structure of the Blatter radicals, the
physical properties can be easily tuned by modifying the
molecular structure, which results in different optical and
electrical properties. Kaszynski et al. designed planar Blatter
radicals by planarizing 1,2,4-benzotriazinyl with sulfur or oxygen
at the C8 and Ph group at the N1 positions, named as 4 and 5,
respectively.”® By expanding nm-conjugation, the spin density
of these radicals distributes more on the benzene ring at the
N1 position. Therefore, the absorption is shifted to the near
infrared region (Fig. 3a). Furthermore, Blatter radicals have
unexpected fluorescent properties since most radicals do not emit.

Mater. Chem. Front., 2020, 4, 3433-3443 | 3435
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Fig. 3 (a) UV/vis spectra for Blatter (black line), 4 (blue line) and 5 (red
line) in CH,Cl,. The inset shows the enlarged region 500-850 nm.
Reprinted with permission from ref. 28. Copyright 2016 Wiley-VCH. Cyclic
voltammograms of (b) thiazolobenzotriazinyl 6 (1.0 mM) and (c) imidazo-
lobenzotriazinyl 7 (1.0 mM), "BusNPFg 0.1 M, DCM, ca. 20 °C, 50 mV s~
Reprinted with permission from ref. 12 and 33. Copyright 2013 The Royal
Society of Chemistry. Copyright 2012 American Chemical Society.

The results showed that when Blatter radicals were spin coated into
a film, the fluorescence from the film was quenched, which was
due to the formation of dimers/aggregates. However, when radicals
were inserted into the solid matrix to inhibit aggregation, the
fluorescence was restored.*?

Koutentis et al. developed a series of m-extended thiazolo-,
imidazolo-, and oxazolo-fused 1,2,4-benzotriazinyls at the C6
and C7 positions (6, 7 and 8).">** These highly delocalized
radicals show good air stability and exhibit great reversible
electrochemical behaviour (Fig. 3b and c). Thiazolotriazinyls
have fully reversible, low oxidation potentials, and a planar
spin-bearing acene core, and imidazolotriazinyls have low
oxidation potentials within 0.10 V, which makes them good
electron donors in the process of donor-acceptor charge
transfer.

3.3 Magnetic properties

Magnetism is a unique property of organic molecule with
unpaired electron(s).>* Paramagnetic, ferromagnetic and anti-
ferromagnetic properties are the most commonly found properties
in radicals.**™*” However, Blatter radicals demonstrate some
unusual magnetic behaviours such as metamagnetic trans-
formation, paramagnetic-diamagnetic transformation and inter-
molecular triplet (quintet) state.

Small structural changes can alter the way of molecular
packing in the solid state, resulting in a variety of ferromagnetic
and antiferromagnetic behaviours of the Blatter radicals. For
example, Koutentis et al. replaced the phenyl group at the C3
position in Blatter with CF; (9) and found that there is an abrupt
and reversible paramagnetic-diamagnetic transformation for the
radical at 58(2) K related to crystal transformation (Fig. 4b).”

Controlling the stacking mode of single crystals is very
important for the successful design of molecular magnetic
materials. The magnetic behaviour of organic radicals highly
depends on the type of molecular packing.”” Zheng et al.
synthesized the stereoisomers of monoradicals 10, 11 and 12
by replacing the three benzene rings with a highly twisted
tetraphenylethylene (TPE) moiety.”® 10 and 12 form zigzag
infinite chains and discrete centrosymmetric slipped dimer
accumulations, respectively (Fig. 4c and d). The short spin-
spin distances (~4.1 A) lead to the observation of thermally
excited spin triplet state. Furthermore, the y7 value of 10 and 12
at 300 K is much larger than the theoretical value of an ideal
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Fig. 4 (a) The temperature dependence of the molar magnetic suscepti-
bility (ym) of Blatter. The inset shows the reciprocal susceptibility (1/ym)
below 30 K. Reprinted with permission from ref. 34. Copyright 1994
Elsevier Science B.V. (b) Temperature dependence of 4T upon cooling
(blue O) and heating (red O) for 9 between 5 and 300 K. Reprinted with
permission from ref. 7. Copyright 2014 American Chemical Society.
(c) Partial solid-state packing diagrams of 10, 11 and 12. (d) Temperature-
dependent plots of 4T for 10, 11 and 12 measured at 1.0 T in the stable mode
from 2 to 300 K. Reprinted with permission from ref. 48. Copyright 2019
American Chemical Society. (e) ESR (9.3018 GHz) spectrum of 15 in a
polycrystalline solid at room temperature (blue) corresponding to the dipolar
coupling between two S = 1 spin systems. Inset: AMg = +2: (microwave
frequency 9.2962 GHz) in a polycrystalline solid at room temperature.
(f) Temperature-dependent y and yT versus T plot for solid 15 at 100 Oe.
Reprinted with permission from ref. 20. Copyright 2015 Wiley-VCH.
(9) Temperature-dependence of the molar magnetic moment at 1.0 T and
inverse susceptibility (inset) for radical 13 with Curie—Weiss fit. Reprinted with
permission from ref. 9. Copyright 2011 The Royal Society of Chemistry.

monoradical, and the y7 value of 12 drops sharply from
0.56 emu K mol™" to 0.05 emu K mol " when cooled from
300 to 2 K. In contrast, because of the 1D slipped stacked
columns and long spin-spin distance (> 7.3 A) (Fig. 4c and d),
11 shows weak intermolecular interaction, thus exhibiting
paramagnetism and showing almost ideal Curie-Wiess beha-
viour at 2-300 K.

Increasing spin delocalization can further stabilize n radi-
cals and enhance solid-state ferromagnetic exchange, which
can serve as promising building blocks for magnetic materials.
Wudl et al. first synthesized an organic diradicaloid based
on stable benzotriazinyls (15).>° In the solid state, molecules
15 form dimers due to the face-to-face n-n interactions. The
ESR spectrum of the polycrystalline sample of 15 presents an
unprecedented intermolecular quintet state at room tempera-
ture (Fig. 4e and f).

Frank et al reported two Blatter radicals 13 and 14
with strong spin delocalization due to their unique planar

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 5 The structure of selected Blatter radicals and benzo[1,2,4]triazin-7-
one derivatives.

open-shell electron structure.’ 13 and 14 form 1D chains with
a large degree of slippage, leading to direct face-to-face n-n
interactions between 1,2,4-benzotriazinyls. In addition, there
are edge-to-face n-m interactions between n stacks, which leads
to the - interaction in three dimensions. Therefore, 13 and
14 present intrachain ferromagnetic and interchain antiferro-
magnetic exchange interactions, resulting in metamagnetic
behaviour (Fig. 4g).

4. Applications
4.1 Semiconductor related applications

Compared with inorganic materials, organic semiconductors
not only have tuneable structures, but also have the advantages
of low cost, low treatment temperature, solution processing
and flexibility. Since the discovery of conductive polymers,
organic semiconductors have attracted much attention for
their potential applications in the field of organic field-effect
transistors, organic light-emitting diodes and organic photo-
voltaics.**! To date, closed-shell molecules are much more
popular than molecules with unpaired electrons. The main
reason behind this unbalanced development is that open-
shell molecules are synthetically more difficult with much
lower stability. Therefore, Blatter radicals come to our sight.
Blatter radicals are highly delocalized with good chemical and
photo stabilities and reversible electrochemical behaviour,
which makes them very suitable for semiconductors. In addition,
when there are heteroatoms in the radicals, the intermolecular
contact can be enhanced, which is conducive to increasing
the molecular interactions and conductivity. These excellent
properties are beneficial to the applications of Blatter radicals in
electronic devices. The several applications of Blatter radicals are
introduced as follows.

4.1.1 NIR photodetectors. Diradical 15 has wide absor-
bance across the UV-vis-NIR region and was applied in a
near-infrared (NIR) photodetector (Fig. 6a).”° When 15 and
[6,6]-phenyl Cq; butyric acid methyl ester (PCBM) were mixed

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 6 (a) NIR photodetector device architecture. (b) and (c) OFET and
planar diode device architectures. Reprinted with permission from ref. 19.
Copyright 2015 Wiley-VCH. (d) Illustration of a single-molecule junction.
Reprinted with permission from ref. 52. Copyright 2019 American
Chemical Society. (e) Photograph of a solution of 27 (purple), PA (pale
yellow) and the mixture (green). Reprinted with permission from ref. 3.
Copyright 2014 Wiley-VCH. (f) Metal-free magnet for stable thin films and
interfaces. Reprinted with permission from ref. 55. Copyright 2016 Amer-
ican Chemical Society.

in the ratio of 1:2, the corresponding photodetectors showed
high responsivity and detectivity between 300 and 1200 nm
(Fig. 7a and b). The detectivity exceeded 10** cm Hz"?> W™ at
1200 nm (Fig. 7c). The photodetector was comparable to other
organic photodetectors, and Si and InGaAs photodetectors.

4.1.2 OFET and planar diode devices. Wudl et al. synthe-
sized two benzotriazine diradicals 15 and 16."° Because the
intermolecular electron transferred between the open-shell and
the closed-shell in 15 and 16, radical anion-radical cation pairs
were formed. An unprecedented self-doped behaviour has been
observed based on OFET devices (Fig. 6b), showing typical
p-type OFET characteristics, with hole mobility of u, = 1.7 x
10 em® V' s7! (15) and up = 2.4 x 107° em® V' 57! (16).
Moreover, the number of radical anion-radical cation pairs of
15 and 16 was reversible and adjustable with change in tem-
perature, so the transmission characteristics of OFET devices
could be reversibly adjusted by using the external conditions. In
addition, when the strong electron acceptor 2,3,5,6-tetrafluoro-
7,7,8,8-tetrcyano-dimethane (FATCNQ) was further added, the
doping effect of FATCNQ in 15 at 300 K almost overlapped with
that of the original 15 at 370 K. In general, devices based on
these diradicals achieved controlled and reversible self-doping
effects that cannot be generated by conventional chemical
doping.

4.1.3 Single-molecule device. Venkataraman et al. found
that stable organic radicals could be used to construct organic
spintronic devices based on single-molecule junction (Fig. 6d)
by well characterizing the interface between organic radicals
and metal electrodes.®® They studied the electronic interaction
between the Blatter radical 17 and the gold metal electrode
through the single-molecule conductance measurement. It was
observed that under ultra-high vacuum, 17 was stable when
adsorbing on a gold substrate and its open shell radical
property was maintained. Moreover, the conducting electrons
scattered off unpaired electrons to produce Kondo resonance.

Patera et al. also studied the geometry and electronic struc-
ture of 17 deposited on Au(111) by high resolution non-contact
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Fig. 7 Photodetector characteristics of 15:PCBM (1:2, films annealed at
80 °C for 5 min) including (a) light (white light) and dark J-V curves;
(b) responsivity; and (c) detectivity of the devices compared with literature
values of detectivity for other photodetectors. Reprinted with permission
from ref. 20. Copyright 2015 Wiley-VCH. Blatter radical on Au(111).
(d) Constant-current STM image acquired with a metal tip (I = 3.8 pA,
V = 0.1 V). (e) Constant—height AFM image acquired with a CO-
functionalized tip, at a z-offset of 2.4 A with respect to a STM set-point
of (I = 0.7 pA, V = 0.5 V). (f) High-pass (Laplace)-filtered image of (e).
Reprinted with permission from ref. 53. Copyright 2019 Wiley-VCH.

atomic force microscopy (AFM), scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS) (Fig. 7d and e).”®
The spatial distribution of the Kondo resonance was explored and
obtained the spatial distribution of the singly occupied molecular
orbitals (SOMO), and even showed the node plane structure of
the corresponding orbitals. These results demonstrated that
the Kondo resonance was state-selective when entering the
molecular state responsible for spin-metal coupling, and thus
achieved enhanced imaging resolution despite orbital and
metal substrate hybridization. Furthermore, such spatial sig-
nature of the Kondo resonance also allows the non-covalent
dimerization of molecules.

4.1.4 Liquid crystalline photoconductors. Kaszynski et al.
reported the substitution of benzo[e][1,2,4]triazinyl ring with
3,4,5-(C1,H,50)3C6H, groups at the C3 and C6 positions, and
connected different aryl substituents at the N1 position to form
derivatives of 18-21, which showed Col,, phase below 80 °C.**
They proved that benzo[e][1,2,4]-triazinyl was an effective spin-
containing structural element of photoconductive discotic
mesogens, and the type of interactions of radicals in the
crystalline phase could be induced by different sizes of aryl
substituents at the N1 position. Time-of-flight (TOF) measure-
ments showed that 18 and 20 exhibited photoinduced hole
transport in the Col, phase in the temperature range of
50-70 °C without electric field dependency, with hole mobility
of 1.4 x 107 and 1.3 x 107> ecm® V' 57, respectively.

4.2 Other applications

4.2.1 Anti-cancer activity. Aldabbagh et al studied the
cytotoxicity of benzotriazinyl radicals and compared them with
the oxidation products.>® It was found that the cytotoxicity of
benzotriazinyl radicals 23 and 24 to cancer cell lines was several
orders of magnitude lower than that of benzo[1,2,4]triazin-7-
one 25 and 26. In addition, the addition of pyridine could
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significantly change the cytotoxicity against certain cancer cell
lines. In 25 and 26, the substitution of the phenyl group with
pyrid-2-yl group increased the cytotoxicity.

4.2.2 pH sensor. Wudl et al. reported stable pyrenotriazinyl
radicals (27) for the first time and conducted chemical
pH sensing experiments, and found out which had a good
sensitivity to Picric acid (PA).> When exposed to PA, the colour
of the PyT solution changed from purple to green (Fig. 6e), and
the detection limit was 5.0 x 107°® M. As could be seen
from the UV-vis spectrum, when 27 and PA were fully mixed,
the characteristic absorption of 27 at 400 nm completely
disappeared, and a new broadband appeared at 670 nm. The
mechanism behind the colour change of the 27 solution treated
with PA was the protonation of the blue radical 27 to form the
green radical cation. When adding a base to protonated 27
solution, it restored the original colour of 27.

4.2.3 Metal-free magnet for stable thin films and interfaces.
By adjusting the thermodynamic factors, the designed molecules
would have good film-forming properties and stability. As we all
know, pyrene has a relatively high vapor pressure (~5.4 X
10~" Pa) at room temperature. Casu et al. reported radical 27,
which had lower vapor pressure and good film forming properties
(Fig. 6f).>® Organic thin films for device contact/substrate were
prepared by organic molecular beam deposition (OMBD). The
electronic structure, paramagnetic character and stability of the
films under the conditions of ultrahigh pressure and environment
were studied, which were in accordance with the expected results.
Moreover, the paramagnetic property of the molecule was also
maintained in the film for a long time. This design provided
guidance for the future use of radical based materials in film
related devices.

In addition, Blatter radicals have potential applications in
controlled polymerization,'””'® the building blocks of organic
magnetic materials, chelating metal ions,”® pressure sensitive
semiconductors,”” metal-organic frameworks (MOFs)*® and
other aspects.

5. Perspectives

Blatter radicals can be easily modified to have desired properties,
which cover the area of chemistry, physical science and biology.
To expand the influence of Blatter based materials in the scientific
field, we propose the future developments as follows:

5.1 Organic electronic devices

Although most of the mainstream electronic devices use inor-
ganic semiconductors, organic semiconductors have the advan-
tages of solution-processing, rich variety, flexibility, large area
and so on, which make up for the shortcomings of inorganic
semiconductors.’>®® Unlike traditional organic materials,
open-shell molecules possess unpaired electrons which leads to
unique electronic, optical and magnetic properties,'>%2223:23,61-66
Open-shell molecules already show some potential in organic
based devices."" "> However, the issue of synthetic difficulty
and stability in radical containing molecules hold it back for
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further development in electronic applications. Therefore, Blatter
radicals are promising candidates to be built in devices. The
structure of Blatter radicals can be further optimized by the
following methods to improve their performance in electronic
devices (OFETs, Organic photoelectric detectors (OPDs) and
single-molecule devices): (a) Intrinsic properties: adjusting
absorption and energy levels by introducing strong electron
donating/withdrawing groups, extending the conjugation and
planarizing the molecule by using a smaller group in the N1
position; (b) Extrinsic properties (film morphology): enhancing
the dipole-dipole interaction between molecules and adjusting
the solubilizing group.

5.2 Single-molecule devices

With the continuous progress of science and technology, the
miniaturization and high integration of electronic devices will
become the inevitable trend of information technology devel-
opment in the future. The molecular device constructed by
coupling single or multiple molecules between electrodes, on
the basis of the traditional device function, can realize device
67772 Compared with close-shell molecules,
open-shell organic radicals with unpaired electrons have spin
properties, which can significantly improve the function of
information storage, processing and transmission of corres-
ponding molecular devices.”>””® It has been reported that
monoradical molecules interact with metal or electrode
surfaces to prepare single-molecule devices.>>”®”® In the field
of spintronics, compared with monoradicals, the spin-spin
coupling in diradicals is smaller, so it has the characteristics
of low energy gap and magnetic tunability. The low energy gap
of diradicals can reduce the tunnelling barrier effectively and
thus improve the conductivity.”® The diradicals themselves
have resonance forms and multi-electron states, so their
unpaired electrons are not easy to be completely reacted or
quenched by the external environment. Therefore, they are
suitable for the preparation of single-molecule spin devices.
Blatter-based diradicals have excellent chemical, thermal
and optical stabilities.”>®*>*" Moreover, the delocalization of
Blatter radicals is excellent in that the unpaired electrons can
be distributed on the triazine ring, which can greatly increase
the interaction probability of conducting electrons and
unpaired electrons in single-molecule devices. It can be designed
to introduce anchoring groups into the Blatter diradicals to
explore the influence of the type and position of the anchoring

groups.

miniaturization.

5.3 Dynamic nuclear polarization

In the past 40 years, magic angular rotation (MAS) NMR has
become an important analytical method for many physical,
chemical and biological problems.®*"®> However, the sensitivity
of NMR is very low, and many experiments need a long time to
get enough signal-to-noise ratio. Dynamic nuclear polarization
(DNP) is an effective method to enhance the sensitivity of
NMR. Combining with magic angle rotating solid-state NMR
technology, DNP has been widely used in investigating the
structural dynamics of membrane proteins, amyloid proteins,
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functional porous materials and nanoparticles.**°° DNP is a
kind of double resonance technology of electrons and protons.
The samples containing radicals are irradiated by RF near the
electron lamore frequency. The polarization of electrons can be
transferred to the hydrogen protons through electron nucleus
coupling in order to enhance the polarization of protons. For
the samples containing radicals, DNP can significantly improve
the sensitivity of NMR, which can enhance the NMR signal by
1-3 orders of magnitude.”’® In particular, compared with
monoradicals, DNP can be greatly enhanced at low electron
concentrations by using biradicals as polarizers due to the
intramolecular e-e dipole coupling of biradicals.’* In addition,
molecular linewidth and relaxation directly affect the proper-
ties of DNP.

Compared with other types of radicals, Blatter radicals have
overall advantages to be successful in the study of DNP. They
have unique physical and chemical properties and can be used
as DNP reagents. The unpaired electrons of Blatter radicals are
more delocalized in the whole molecule, which is beneficial to
be polarized. Also, the properties of molecular linewidth and
relaxation in Blatter radicals can be easily adjusted by modifying
the molecular structures. Hydrophilic groups can also be intro-
duced into Blatter radicals to enhance their water solubility. The
applications of Blatter radicals as a polarizer in protein structure
research and other biological fields can be explored by combining
magic angle rotating solid-state NMR technology.

5.4 Rechargeable batteries

At present, with the increasing demand for energy in the world
and the limitation of fossil fuel reserves, people are committed
to finding and developing new renewable energy.”> One of the
main signatures of radical compounds is their reversible redox
properties.’®°® So far, polymeric and small molecule based
radical containing materials have been used in rechargeable
batteries and more importantly, the NEC company demon-
strated a commercial flexible battery with radical based materials
in 2015.°%"°" One of the main problems for radical based
batteries is short lifetime (low stability). In principle, Blatter
radicals can overcome this issue due to their excellent chemical
stability. Indeed, the overall molecular weight of Blatter radicals is
normally heavier than the TEMPO based materials. This is not
ideal for high capacitance batteries. However, we can easily design
the Blatter radicals to have multiple redox properties which means
more energy can be store in a single molecule. In addition, Blatter
radicals will have a better conductivity than those non-conjugated
radical based materials.

While we were writing the review, we found that the use of
Blatter radicals in batteries has been patented by the Schubert
group.'®® Furthermore, a Blatter triradical was also recently
synthesized and characterized.*®

6. Summary

In this review, the latest developments of Blatter radicals are
summarized. Blatter radicals possess many attractive properties
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for researchers to explore in different disciplines. In particular,
the areas of organic electronics, DNP and rechargeable batteries
are the promising fields to fulfill the potential of Blatter radicals.
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