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Triphenylamine (TPA) derivatives and their radical cation counterparts have successfully demonstrated a
great potential for applications in a wide range of fields including organic redox catalysis, organic semi-
conductors, magnetic materials, etc., mainly because of their excellent redox activity. The stability of TPA
radical cation has significant effect on the properties of the TPA-based functional materials, especially in
relation to their electronic properties. Considering the instability of parent TPA radical cation, many ef-
forts have been devoted to the development of stable TPA radical cations and related materials. Among
them, TPA radical cation-based macrocycles have attracted particular attention because their large de-
localized structures can stabilize the TPA radicals, thus endow them with outstanding redox behaviors,
multiple resonance structures, and wide application in various optoelectronic devices. In this review, we
give a brief introduction of organic radicals and the documented stable TPA radicals. Subsequently, a
number of TPA radical cation-based macrocycles are comprehensively surveyed. It is expected that this
minireview will not only summarize the recent development of TPA radical cations and their macrocy-
cles, but also shed new light on the prospect of the design of more sophisticated radical cation-based

Keywords:
Triphenylamine
Organic radicals
Macrocycles
Redox

architectures and related materials.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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1. Introduction

Radicals refer to the atom, molecule, or ion that possess one
or more unpaired electrons. Among them, organic radicals are the
most common radical species, which play very important roles in
the fields of polymer, biological, plasma, and atmospheric chem-
istry as well as combustion, and many chemical reactions [1-4].
For example, organic radicals featuring special open-shell struc-
tures have been widely applied in catalysis, rechargeable batter-
ies, organic semiconductors, magnetic materials, and biologically
relevant based materials [5-10]. Organic radicals can be generated
through many different methods, for example redox reaction, heat,
irradiation, electrolysis and so on [5-10]. One of the most impor-
tant features of organic radicals is their high instability and tran-
sient lifetime, which has severely limited studies of them includ-
ing their synthesis, characterization, chemical and physical prop-
erties and practical applications. The first persistent organic radi-
cal, a carbon-centered triphenylmethyl radical 1 (Fig. 1a), was first

* Corresponding authors.
E-mail addresses: xlshi@chem.ecnu.edu.cn (X. Shi), hbyang@chem.ecnu.edu.cn
(H.-B. Yang).

https://doi.org/10.1016/j.cclet.2021.05.004

reported by Gomberg in 1900 [11]. However, triphenylmethyl rad-
ical 1 itself is not enough stable and readily undergoes dimer-
ization especially in the solid state (Fig. 1a). Since then, a great
deal of effort has been devoted to the molecular-level understand-
ing of the stability, structural and electronic properties of organic
radicals, which greatly promoted the development of modern or-
ganic radical chemistry [5-10]. Generally, organic radicals can be
either thermodynamically stabilized or kinetically stabilized and
their stabilities are affected by many factors such as molecular
conjugation, hybridization, hyperconjugation, captodative effects,
steric effects and so on. Based on the understanding of these
stabilization factors together with the advanced organic synthesis
and modern characterization techniques, various carbon-centered
and related stable radicals have been successfully developed by
chemists over the last century [5-16]. The representative examples
are tris(2,4,6-trichlorophenyl)-methyl radical 3 [17], Koelsch radical
4 [18], 2,2":6/,2"":6” 6-trioxytriphenylamine 5 [19], and phenalenyl
radical 6 [20] (Fig. 1b), which exhibit robust stability mainly
due to the thermodynamical or kinetical stabilization considera-
tions in their molecular design. In addition to the carbon-centered
radicals, heteroatom-centered radicals (Fig. 1c), including neutral
radical, radical cation, and radical anion, for example, nitrox-
ide radical 2,2,6,6-tetramethylpiperidine 1-oxyl 7 [21], thianthrene
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Fig. 1. (a) Chemical structure of triphenylmethyl radical 1 with its dimmer prod-
uct 2. (b) Some stable carbon-centered radicals 3-6. (c) Some stable heteroatom-
centered radicals 7-10.

radical cation 8 [22], triarylphosphine radical cation 9 [23] and bo-
ryl radical anion 10 [24], have also been extensively investigated
because of their ease of synthesis and relatively enhanced stability.

Among various reported stable organic radicals, triphenylamine
(TPA) radical cations as a unique organic radical species have suc-
cessfully demonstrated a great potential for applications in a wide
range of fields including organic redox catalysis, organic semicon-
ductors, magnetic materials, etc.,, mainly because of their excel-
lent redox activity [25-27]. Triphenylamine possesses low ioniza-
tion potential due to the conjugation of the nitrogen electron lone
pair with the phenyl rings and thus is prone to generating TPA rad-
ical cation under the condition of oxidation, irradiation, or direct
electrolysis. The stability of TPA radical cation has significant effect
on the properties of the TPA-based functional materials, especially
in relation to their electronic properties. The structure of TPA rad-
ical cation 11 has ten resonance structures (Fig. 2a) and the spin
density is mainly distributed on the nitrogen and the ortho and
para carbon atoms (Fig. 2b), which is much alike that of the re-
ported triphenylmethyl radical (Fig. 1a). Thus, TPA radical cation
could be regarded as the isoelectronic structure of the triphenyl-
methyl radical. Similar to triphenylmethyl radical, parent TPA radi-
cal cations are highly reactive and could undergo dimerization and
polymerization, thus could not isolate in pure crystalline form [25-
27]. In consideration of the instability of parent TPA radical cations,
extensive efforts have been devoted to developing stable TPA rad-
ical cations and their derivatives (Fig. 2c). The prevalent strategies
to design and synthesize the stable TPA radical cations are based
on the following considerations: 1) when parent TPA is introduced
by some substituents, especially at the para-position, the stability
of the corresponding radical cation could be significant enhanced
through preventing the dimerization reaction of TPA [25-27]; 2)
when the parent propeller-shaped TPA is planarized with some
bridge atoms like C, N, O, S and so on, the resultant TPA radical
cation is usually considerably stable because the N-centered radical
cation is delocalized over the planarized m-system as well as the
heteroatoms [28-30]; 3) weakly coordinating anions (WCAs) such
as SbFg~, SbClg~, [Al(ORMe)4]~, have demonstrated to be very con-
ducive to stabilize and crystallize the TPA radical because most of
the p-block cations are very reactive with high electrophilicity, ox-
idizing ability and coordination ability which could be dampened
kinetically by the use of suitable WCAs [31-33].

Among the various TPA radicals, TPA radical cation-based
macrocycles have also attracted particular attention due to the
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Fig. 2. (a) Ten resonance structures of TPA radical cation 11. (b) DFT calculated
structure of TPA radical 11 (left) and its spin density map at the UB3LYP/6-31G*
level of theory. (c) The strategy to synthesize TPA radical cations.

convenience of synthesizing macrocycles, their largely delocalized
structures, multiple resonance structures, and potential applica-
tions in various optoelectronic devices [34]. First, the ideal geome-
try of TPA unit with approximate 120° angle makes it ideally suited
to construct various TPA-based macrocycles. Second, TPA-based
macrocycles possessing large m-conjugated delocalized structures
can significantly disperse the spin density, which is conducive to
improving the stability of TPA radical macrocycles. In addition,
there are many outstanding electronic properties about TPA rad-
ical macrocycles, such as tunable geometries and m-conjugation,
excellent redox behavior and multiple resonance structures, which
endow them with widely potential applications. For example, a
plenty of reported macrocycles decorated with triphenylamine
moiety [35-43] have been widely used in the field of host-guest
interaction, sensing, bioimaging, and optoelectronic materials.

In this review, the design principle, preparation method, as well
as the application of TPA-based radicals are briefly described. Sub-
sequently, this review summarizes the recent development of TPA
radical cation-based macrocycles, mainly focuses on their synthe-
sis, redox properties, and radical characters. This review is not in-
tended to be comprehensive, and a number of TPA radical cation-
based macrocycles are particularly surveyed. Notably, though a
number of TPA-based macrocycles have been reported, the stud-
ies of their radical cation counterparts, especially their single crys-
tals and practical application, still remain largely unexplored, thus
a big exploration research space exists in this topic. The purpose
of this review is to facilitate students and researchers understand-
ing the properties of TPA radical cations and related macrocycles,
and potentially to stimulate the development of more sophisticated
radical cation-based architectures and related functional materials.
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Fig. 3. (a) The first TPA radical cation 12. (b) Chemical and single crystal structure
of magic blue 13. (c) Some representative stable TPA radicals 14-22.
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2. Stable TPA radical cations and related materials

Generally, TPA radical cations without para substituents are
very reactive because of the large spin densities of the para po-
sitions, thus facilitating the intermolecular dimerization. The first
documented para-substituted triphenylamine cation radicals 12
(Fig. 3a) were reported before 100 years ago [44], whose three
para-positions were protected by bromine or methyl. The rela-
tively enhanced stability of 12 than that of parent TPA 11 is
largely attributed to the protection of the para-position which
prevents the potential intermolecular dimerization. Indeed, tris(4-
bromophenyl)ammoniumyl hexachloroantimonate 13, also known
as “magic blue”, is a stable radical cation and has already been
commercialized as a widely used one-electron oxidant. The para
bromo-substituted TPA together with the weakly coordinating an-
ion of hexachloroantimonate (SbClg~) are crucial for the stabiliza-
tion of 13. However, “magic blue” usually undergoes slowly dimer-
ization in the solid state upon storage to form so called ‘blues
brothers’, which might because of the small steric hindrance of Br
atom and the weak Br-C bond dissociation energy [45]. To avoid
the intermolecular dimerization reaction and further promote their
stability, some para-tert-butyl substituted TPA radical cations such
as 14 [46] and 15 [28] have been successfully developed, which
show better stability than that of magic blue. Notably, 15 seems
to be more stable than 14, because the parent propeller-shaped
TPA is fully planarized in 15 and thus the N-centered radical
cation is delocalized over the planarized s -system. Though most of
the reported stable TPA radical cations are para-substituted ones,
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the non-para-substituted example of the oxygen-bridged tripheny-
lamine radical cation 16 displays good stability as well [29]. The
unexpected stability of 16 is believed to correlate with its good
molecular planarization which facilitates not only the spin delocal-
ization over the whole m-system but also the partial spin delocal-
ization on oxygen atoms. Similarly, the methylene-bridged triph-
enylamine 17 also shows moderate stability and can be isolated
in single crystal form. Interestingly, 17 could further be oxidized
in the presence of trace amounts of silver salt to form a stable
bis(triarylamine) dication [30]. Some other triphenylamine deriva-
tives 18 [47] and 19 [48], such as phenothiazine and phenazine
containing heteroatoms of S and N usually displayed extraordinary
stability because the spin could be largely delocalized on the het-
eroatoms. In addition to the monoradical cation, some TPA-based
diradical dication and polyradical polycation have also been suc-
cessfully prepared. For example, the spirofused radical cation 20
was reported to have a triplet ground state and display interesting
ferromagnetic interaction [49]. In contrast, bis(triarylamine) dica-
tions 21 showed a characteristic resonance structure between an
open-shell diradical and a closed-shell quinonoid form which could
further excite to triplet state [25]. The hexaarylbenzene function-
alized with six triphenylamine units of 22 could undergo intrigu-
ing electron transfer process because of the excellent multiple re-
dox behavior of TPA core [50]. Consequently, 22 was recently em-
ployed as hole transporting materials for efficient perovskite solar
cells [51].

Triphenylamine and its derivatives as a kind of multifunctional
materials have also been attracting considerable attention from
both the academia and the industry due to their unique rad-
ical properties. The parent triphenylamine unit can be chemi-
cally modified with different functional groups which can result
in several of multifunctional materials displaying potential appli-
cation prospect in the field of organic magnet, organic conduc-
tor, energy storage, organic solar cells, electroluminescence, and
chemical sensors. For example, the inherent stability of TPA rad-
ical cation makes it a good stable spin source for the design of
high-spin compounds. A high-spin polymer 23 based on triph-
enylamine radical cations was reported to display a pure quintet
state with interesting intracyclophane (J/k = 89 K) and intercyclo-
phane (J/k = 17 K) exchange coupling [52]. Triphenylamine radical
cation has also aroused some attention in the field of supramolecu-
lar self-assembly. Giuseppone and coworkers made interesting dis-
covery that the light-induced formation of triphenylamine cationic
radicals 24 could facilitate the molecular stacking and the sub-
sequently hierarchical self-assembly of nanowires which display
metallic conduction properties [53]. The excellent redox behav-
ior of triphenylamine derivatives also makes them good candidate
in the field of lithium battery. Polytriphenylamine derivative 25
was successfully employed as a promising cathode material for or-
ganic free radical batteries due to its stable chemical structure and
high free radical density [54]. Besides, triphenylamine derivatives
as a class of versatile redox-active materials have attracted partic-
ular attention in relation to their promising hole transport prop-
erties. One of the most important hole transport materials (HTMs)
based on TPA is the commercialized Spiro-OMeTAD 26 which is
widely used for dye sensitized solar cells (DSSCs) and perovskite
solar cells (PSCs) [55]. The intrinsic dimerization reaction of TPA
also renders it as unique pendant redox-active moieties in poly-
mers to constructed crosslinked polymer films 27 [56]. Moreover,
TPA-based polymers have demonstrated great potential as excel-
lent photonic and electroactive materials due to their outstand-
ing physical, photochemical and electrochemical properties. Since
there are plenty of reports about the interesting properties and ap-
plications of TPA-based conjugated materials, which are also high-
lighted in many reviews, thus will not be discussed more in this
review (Fig. 4).
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Fig. 4. The TPA radical-based materials. (a) Chemical structure of polymer 23 and its 2D field swept pulsed-EPR nutation spectra. Reproduced with permission [52]. Copyright
2017, American Chemical Society. (b) Chemical structure of 24 and its hierarchical self-assembly processes. Reproduced with permission [53]. Copyright 2010, John Wiley
and Sons. (c) Chemical structure of 25 and cathode material in lithium ion batteries. (d) Chemical structure of 26 and device structure of perovskite solar cells. Reproduced
with permission [55]. Copyright 2020, American Chemical Society. (e) Chemical structure of 27 and its electrochemical crosslinking and doping process. Reproduced with

permission [56]. Copyright 2020, Royal Society of Chemistry.

3. TPA radical-based macrocycle

Among the various well-developed macrocycles [57-87], radical-
based macrocycles have gained great attention for their interest-
ing host-guest chemistry, unique electronic structure, and poten-
tial application in optoelectronic devices. For example, Stoddart
and co-workers reported discrete open-shell tris(bipyridinium radi-
cal cationic) inclusion complexes based on cyclobis(paraquat-p-1,4-
dimethoxyphenylene)tetrakis(hexafluorophosphate) radical cation
macrocycle and methyl viologen radical cation [88]. Wu and co-
workers recently reported a series of fully conjugated macrocyclic
polyradicaloids which display very intriguing radical character
and global aromaticity [89-91]. Rai and co-workers reported new
donor-acceptor conjugated macrocycles with polyradical character
and global aromaticity, which is suitable for numerous optoelec-
tronic applications [92]. Among the plentiful radical macrocycles,
TPA radical cation-based macrocycles exhibit outstanding elec-
tronic properties, such as tunable geometries and m-conjugation,
excellent redox behavior and multiple resonance structures and so
on.

TPA-based spin clusters and polyradicals had been well stud-
ied, which can be used to prepare and test new electron spin-
coupling modes. However, it is problematic to control the confor-
mational relationship between spin-bearing functions. One effec-
tive method is to limit conformational freedom in cyclic system.
Blackstock et al. synthesized neutral TPA macrocycles 28 and 29
(Fig. 5) with the ability to generate conformationally rigid polyrad-
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Fig. 5. Chemical structures of macrocycles 28-35.

ical cations in one-step Ullmann coupling [93]. The cyclic voltam-
mogram (CV) of macrocycles 28 and 29 showed four and one re-
versible waves, respectively, indicating that macrocycles 28 and 29
can be oxidized to their corresponding radical species. Macrocycle
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Fig. 6. (a) Chemical structures of macrocycles 36 and 37. (b) CV of macrocycle 36a (blue) and 37a (red). (c) ESTN of macrocycle 36a**. Reproduced with permission [96].

Copyright 2013, American Chemical Society.

282+ was a thermally populated, low-lying triplet dication from
EPR and NMR spectra, while 29 underwent multielectron oxida-
tion. Subsequently, Hartwig et al. synthesized high spin ground
states geometrically well-defined diradical cation from macrocy-
cles 30-34 (Fig. 5) which were obtained in a one-step palladium-
catalyzed Ullmann coupling [94]. Diradical macrocycles generated
by oxidation reaction were stable at room temperature, which
were demonstrated to be in high spin ground states through CV,
UV-vis, and EPR spectroscopy measurements. The distance be-
tween the two radical sites in 302+ and 322+ was approximated by
analysis of EPR zero-field splitting parameters. Though TPA radical
macrocycles were synthesized through oxidation reaction, macro-
cycles 28-34 cannot generate higher order polycation states on ac-
count of the stronger Coulombic repulsion interaction.

Organic molecules with high-spin ground states (total spin
quantum number S > 1) are of fundamental interest to chem-
istry and physics, because they provide insight into how molecular
structure affects the interaction of electrons and leads to macro-
scopic properties (e.g., magnetism). For purpose of overcoming
strong Coulombic repulsive interactions and obtaining higher order
polycation state macrocycles, Ito et al. introduced 4-aminophenyl
group to the TPA macrocycle 35 skeleton (Fig. 5) [95]. CV and UV-
vis-NIR spectra of macrocycle 35 indicated the formation of higher
oxidation states 35*t and 358+, However, 354" and 35%t were un-
stable in CH,Cl, at room temperature. The spin states of stable
macrocycles 352 and 35% at low temperature were unequivo-
cally determined to be spin-triplet and spin-quintet, respectively,
on the basis of the pulsed-EPR studies. This research demonstrated
delocalization of spin density can overcome strong Coulombic re-
pulsive interactions which can generate radical macrocycles with
higher oxidation states.

3335

What is more, Ito et al proved that insertion of p-
phenylendiamine (PD) units into macrocycle backbones can also
lead to alleviation of the Coulombic penalty. Ring-size extended
octaaza-macrocycles 36a and 37a (Fig. 6a) were synthesized
through Buchwald-Hartwig reactions [96]. DFT calculations on the
model compounds 36b and 37b indicated that the expansion of
macrocycle caused the facile conformational changes, which was
categorized into non-disjoint or coextensive molecules, and thus
can generate high-spin states. CV of 36a and 37a roughly showed
four reversible oxidation peaks (Fig. 6b) in CH,Cl,, which meant
36a and 37a exhibited multi-redox activity. UV-vis-NIR absorption
spectral of 36a and 37a were conducted in situ to demonstrate
that PD moieties in 36a could be converted from the semiquinoidal
structure to the quinoidal structure with increasing oxidation num-
ber, while higher oxidation states of 37a did not show definite
quinoidal deformation of PD moieties. In addition, from the pulsed
EPR spectrum (Fig. 6¢), the 36a?t and 36a*" showed high-spin
states which would transfer to their low-spin states at low temper-
atures. In contrast, 37a2* generated almost pure spin-triplet state.
This research not only successfully demonstrated that overcoming
strong Coulombic repulsive interactions can generate higher oxida-
tion state macrocycles but also revealed that extended macrocycle
did not affect the high-spin correlation, which was very important
to provide insight into how molecular structure affects the inter-
action of electrons and leads to macroscopic properties (e.g., mag-
netism).

Although radical polymers have been studied for a long time,
spins of these radical polymers are mainly uncoupled with S = 1/2
due to their coil-like conformation that does not favor the or-
dered spin alignment, leading to negligible spin-spin (radical-
radical) coupling. In order to obtain system with coupled spins,
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Wiley and Sons.
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Kulszewicz-Bajer et al. synthesized tetraazacyclophane 38 and hex-
aazacyclophane 39 (Fig. 7) at medium concentration via a one-step
palladium catalyzed amination reaction [97]. The new absorption
band in UV-vis-NIR spectra indicated that macrocycles 38 and 39
can be oxidized to different radical states. Spins of both diradical
macrocycles can interact ferromagnetically and create almost pure
triplet state, which was absent in most radical polymers. This re-
search indicated that TPA macrocycles can be potentially applied
to prepare magnetic materials in the future.

Nitrogen-bridged radical metacyclophanes have been investi-
gated due to their novel structure-property and potential ap-
plication to act as organic magnetic materials. Ito and Tanaka
et al. reported the preparation of macrocycle 40 (Fig. 8a)
through stepwise synthesis for the first time [98]. The radical
macrocycle can be generated through oxidation reaction with
tris(4-bromophenyl)aminium hexachroloantimonate at 195 K. The
EPR spectrum of the resultant macrocycle radical cation exhibited
multiplet hyperfine structure attributed to the 6 nitrogen and 24
hydrogen nuclei, indicating the largely delocalized spin distribu-
tion within the framework of 40 (Fig. 8b). In addition, macrocycle
40 with high electron donating ability could form charge transfer
complex with 7,7,8,8-tetracyano-p-quino-dimethane (TCNQ), and
the signal of the resulted charge transfer complex can be observed
in both Vis/NIR and FT-IR spectra. Subsequently, Yang, Kuo, and
Su et al. synthesized macrocycle 41 (Fig. 8a) without anisyl at the
para-position [99], whose conformation was calculated to be non-
coplanar based on B3LYP/6-31G** level with the GAUSSIAN 09 pro-
gram. CV of macrocycle 41 showed two different and reversible
oxidation waves, which indicated that 41 can be oxidized to sta-
ble radical macrocycle species. Interestingly, 41 exhibited different
oxidation waves upon the change of electrolyte due to the host-
guest interactions between the radical cation macrocycle and an-
ions from the electrolyte. The new absorption band in UV-vis-NIR
spectra indicated that macrocycle 41 can be oxidized to different
states. What is more, macrocycle 41 exhibited a blue light emission
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Fig. 9. (a) Chemical structures of macrocycles 42 and 43. (b) Single crystals of
macrocycles 422+2SbFg~ (left), and 43a%+6SbFs~ (right).

at 474 nm. This work indicated that this kind of TPA radical macro-
cycles may have the potential to be used in hole-transporting layer
of light-emitting device.

Notably, although a few of such nitrogen-bridged metacyclo-
phanes had been studied, there was no single crystal of their TPA
radical counterparts to be published until 2017. Sakamaki, Ito, and
Seki et al. successfully obtained single crystal of radical macro-
cycles generated from macrocycle 42 and 43 (Fig. 9a) [100]. Sin-
gle crystal of neutral macrocycle 42a indicated that its structure
was highly symmetric. Electrochemical measurements of 42a and
43a showed that they can be reversibly oxidized up to diradical
and octaradical species, respectively. At the same time, absorption
spectra of 42a and 43a likewise demonstrated the two macrocycles
can be oxidized to different radical cations. The EPR measurements
of 42a* and 43a* demonstrated the full delocalization of spin
density over the whole macrocycles on the EPR time scale. Then,
the dication of 42a2*2SbFs~ and the supercharged hexacation of
43a5*6SbFg~ were isolated as stable salts, whose structures were
confirmed by X-ray crystallography. Interestingly, 43a%*6SbFs~ en-
capsulated one SbClg~ anion in its cavity (Fig. 9b). This is the first
example to obtain single crystal of TPA radical macrocycle.

The singlet-triplet energy gaps (AEs.t = 2 J) or exchange cou-
pling strength (J) are the degree of interaction between the un-
paired electron and the perturbing nuclei, which are the impor-
tant property of radicals. Researches in this area focused more on
the synthesis of TPA radical macrocycles and their radical prop-
erties, while the singlet-triplet energy gaps or exchange coupling
strength of diradical macrocycle associated with their magnetic
properties have rarely been studied. Ito et al. synthesized two
macrocycles 44 and 45 (Fig. 10a) [101], which can generate radi-
cal species 442+2SbFg~ and 452t2SbFg~. The bond length alterna-
tion (BLA) analysis of 442+ and 452+ disclosed that 442+ formed a
quinoidal structure, while 45%* formed a structural deformation of
the m-phenylenediamine moieties, which indicated the spin den-
sity of 442+ and 452+ were delocalized and localized, respectively.
The AEst of 442t2SbFg~ and 45%+2SbFg~ were successfully de-
termined to be 0.3 kcal/mol and —1.0 kcal/mol, respectively by
means of the SQUID measurements (Fig. 10b), indicating the triplet
ground state for 442+2SbFs~ while the singlet ground state for
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2018, American Chemical Society.

452+2SbFg~. At the same time, the yyT value of 442+2SbFg~ and
452+2SbFs~ at different temperature indicated their distinctive in-
tramolecular ferromagnetic and intramolecular antiferromagnetic
interaction, respectively. This investigation provided a new insight
into the design of polyradical systems and related materials.

Soon afterwards, Wang and Rajca et al. reported the second
example of triplet diradicals-based 1D antiferromagnetic spin-1
(§ = 1) chains, which could provide a better understanding of
the low-dimensional magnetism [102]. Diradical cation macrocycle
302" 2[Al(OC(CF;3),CH3)4]~ (Fig. 10a) was very stable and obtained
in good yield. The magnetic behavior for 302+ was best modeled
by 1D spin S = 1 Heisenberg chain from 80 K to 348 K with intra-
chain antiferromagnetic coupling (Fig. 10c). In addition, the pack-
ing of 30%*2[Al(OC(CF;),CH3)4]~ was in the form of 1D chains,
and the intrachain exchange coupling between the radical macro-
cycle was antiferromagnetic on account of interaryl C---C contacts
and m -7 interactions. Interestingly, a weak ferromagnetic exchange
coupling originating from the negligible non-overlapped 7-m in-
teraction between chains by the [Al(OC(CF3),CH3)4]~ anions was
observed in this work. This investigation provided a novel system
to study the low-dimensional magnetism.

The approximate 120° angle of two phenyl in TPA moiety makes
it a good building block for the construction of novel & -conjugated
macrocycles. For example, Fang and Lai et al., for the first time, re-
ported the synthesis of TPA derivatized phenylacetylene macrocy-
cle 46 (Fig. 11a) in 2012 [103]. The simulated structure of 46 indi-
cated the macrocycle was almost plane whose cavity was approx-
imately 19.55 A (Fig. 11b). Subsequently, electrochemical measure-
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ment of macrocycle 46 showed two oxidation peaks at 0.410 and
0.640 V, which were related to 46—463+ and 463+ 465, respec-
tively (Fig. 11c). This research may be in favor of synthesizing mul-
tifarious conjugated TPA radical macrocycles.

Except for phenylacetylene macrocycles, TPA moiety can also
be employed in the backbone of annulene to construct annulene-
like TPA macrocycle. Chi et al. reported a new m-conjugated
macrocycle 47 (Fig. 12a) containing para-quinodimethane and
TPA moiety, which displayed annulene-like anti-aromaticity at
low temperatures due to its rigid conformation and effective
m-conjugation [104]. The radical cationic species of 47, namely
47+SbFg—, 472+2SbFg~, 473+3SbFg~, and 474+4SbFg~ (Figs. 12b-e)
can be generated by addition of 1-4 equiv. of AgSbFg. Interestingly,
472+ and 47* exhibited global aromaticity and antiaromaticity
following the Hiickel rule, respectively, as indicated by NMR mea-
surement and theoretical calculations. Moreover, both 472+ and
474+ showed open-shell singlet ground states with small singlet-
triplet gap. This research may provide new synthetic approach to
construct more complicated -conjugated macrocycles as well as
three-dimensional cages, which has been realized in the recent re-
ports [105,106].

Shimizu et al. synthesized TPA macrocycle 48 (Fig. 13a) for the
first time to investigate the effect on the ability to generate radi-
cal after binding different guest molecules [107]. Notably, most of
the TPA radical cations are generated by chemical oxidation, while
irradiation is successfully employed in their work to generate rad-
ical cation. The activated macrocycle 48 showed a broad and ax-
ial powder pattern shape EPR signal under UV irradiation with
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Fig. 11. (a) Chemical structure of macrocycle 46. (b) Simulated structure of macrocycle 46. (b) Oxidation of macrocycle 46 to 463+ and 46°+. Reproduced with permission
[103]. Copyright 2012, Elsevier.
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Fig. 12. (a) Several representative resonance forms of the neutral macrocycle 47. (b-e) Single crystal structures of 47, 47%+2SbFg~, 473+3SbFgs~, and 474+ 4SbFs~. Reproduced
with permission [104]. Copyright 2019, John Wiley and Sons.

365 nm LEDs. Interestingly, it was found that the guest molecules of the host material. The regeneration of radical proved the radical
with increased polarity or heavy atom substitution decreased the signal could be almost fully restored in both intensity and shape
number of the generated radicals, while they had little influence (Fig. 14).

on the absorption, emission, and photoluminescence lifetimes of Shi, Ding and Yang et al. designed and reported the first TPA-
macrocycle 48 in both solution and solid states. What is more, the based metal coordination macrocycle with ability to generate radi-
formation/decay process of radical cation can continue over several cals under irradiating [108] in spite of the difficulty to introduction
cycles with reproducible results and occurred without degradation organic radicals into metal coordination macrocycle. Well-defined
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Fig. 14. Chemical structure of macrocycle 49 and self-assembly of its radical species. Reproduced with permission [108]. Copyright 2019, American Chemical Society.
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Fig. 15. (a) Graphical representation of the self-assembly of metallacycle 50. (b) Top view (left) and side view (right) of representative SEM pictures of the porous membrane
film. (c) TEM micrographs of the thin film fragment at low magnification (left) and the enlarged area (right). Reproduced with permission [109]. Copyright 2016, John Wiley
and Sons.

rhomboidal metal coordination macrocycle 49 (Fig. 15) contained was correlated to both TPA radical interaction as well as metalla-
TPA moiety in their framework was successfully constructed by cycle stacking interaction. What is more, the stability of the gener-
coordination-driven self-assembly approach. TPA moiety in macro- ated TPA radical cation was significantly increased in these met-
cycle 49 was demonstrated to be partially generated under white allacycles during the hierarchical self-assembly process, thereby
light by a photo induced electron transfer process, which would opening a new way to develop stable organic radical cation in the
drive subsequent self-assembly in both solution and solid. As a future.

consequence, the macrocycle bearing radical cation species self- Electropolymerization of TPA is known as an effective han-
assembled into vesicle in the solution and nanospheres in the solid dle to synthesize donor-acceptor conjugated polymers. Zhong
state, which were confirmed by TEM and high-angle annular dark- and Yang et al. synthesized metallacycle 50 bearing TPA moiety
field STEM. The mechanism of the distinct morphologies formation through coordination-driven self-assembly (Fig. 15a) [109]. In this
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study, two phenyl rings in the TPA unit are parent without the
para-substitution, which provides reactive sites for the oxidative
polymerization. Consequently, the electropolymerization of met-
allacycle 50 led to the structurally defined porous membranes,
which was well characterized by the SEM and TEM measurement
(Figs. 15b and c). Interestingly, the cyclic voltammetry study of
the porous membranes and a series of guest molecules revealed
that the membranes displayed a good size selective molecular-
sieving behavior. Thus, the combination of TPA radical dimerization
and coordination-driven self-assembly may provide a new design
methodology to construct diverse well-controlled porous materials.

4. Conclusion

In summary, this review mainly summarizes the recent de-
velopment of triphenylamine radical cation including their de-
sign strategy, synthesis, and applications. A various of TPA radi-
cal macrocycles, ranging from their preparation method, redox and
magnetic properties are particularly surveyed. Generally, TPA radi-
cal cations are generated by oxidation reaction, irradiation or elec-
trochemical oxidation from their neutral TPA counterparts. To date,
many TPA radical cations including their synthetic method, stabil-
ity strategy have been well studied. However, the reports of TPA
radical cation-based macrocycles are relatively few because the
study of TPA radical cation-based macrocycles still remains a chal-
lenge. On the one hand, the efficient synthesis of TPA macrocycle,
especially the fully conjugated ones, is the prerequisite to investi-
gate their radical cationic counterparts. Thus, the rational molec-
ular design of novel TPA-based macrocycle is very important. On
the other hand, the new strategy of stabilizing TPA radical cation
species within the macrocycle is highly expected. In our opinion,
the future research in this field should not limit to macrocyclic
system, more sophisticated architectures, e.g., cages, dendrimers,
interlocked complexes, bearing TPA radical cations need to be ur-
gently exploited. Besides, more research focus should be paid to
the application of TPA radical macrocycle-based advanced materi-
als and their practical applications. We anticipate that this mini
review will not only give the generalization and summary of TPA
radical cations and related macrocycles but also shed new light on
the prospect of the design of more sophisticated radical cation-
based architectures and related materials.
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