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Ambient-stable radical cation of a Thiele’s hydrocarbon derivative
has been synthesized and its properties have been explored by a
combined experimental and computational approach. The radical
cation exhibited several intense near-infrared absorption bands
and its solution-processed thin films showed high electrical
conductivity at room temperature.

Organic radicals with extended m-conjugation have continuously
attracted considerable attention due to their unique optical,
electronic, and magnetic properties and potential applications in
organic electronics, functional dyes, spintronics, and energy storage
devices.! However, the design and synthesis of air-stable organic
radicals having a new molecular skeleton represent an enormous
challenge for chemists, since most organic radicals are unstable and
highly reactive under air.2 Herein, we report a new type of air-stable
spin-delocalized radical with no bulky protecting groups: bridged-
tetra-aryl-p-quinodimethane (BTAQ) radical cation 1°* (Fig. 1a). Free
radicals often tend to form a spin-paired dimer.3 Thus, the
introduction of bulky substituents is commonly employed to increase
the stability, but this approach inevitably hinders intermolecular
interactions that are essential for emerging charge and spin
transport properties. Spin delocalization with extended T-
conjugation is another promising strategy to obtain stable -
conjugated radicals. Tetrathiafulvalene,* Wurster’s blue,> and
viologen® radical cations are well-known stable radicals without
bulky protecting groups and have been widely used in various
application fields.
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Fig. 1. (a) Bridged-tetra-aryl-p-quinodimethane (BTAQ) and its radical cation salt. (b)
Thiele’s hydrocarbon and its radical cation salt.

In the course of our studies on the creation of new functional
organic molecules based on fluoran leuco dyes, we recently
developed BTAQs as a new family of near-infrared (NIR)-
absorbing/emitting dyes.” The neutral BTAQ (1) can be regarded as a
Thiele’s hydrocarbon derivative in which two electron-donating
aniline groups and two electron-accepting benzoyl groups are
incorporated into the m-conjugation of quinodimethane. Although
the half-life of Thiele’s hydrocarbon radical cation perchlorate (Fig.
1b) is ca. 3 s in CH,Cl, under argon atmosphere,® we serendipitously
discovered that 1°** generated by the one-electron oxidation of 1
exhibits intense NIR absorption and extremely high air-stability both
in solution and in the solid state under ambient conditions. For
instance, chemical oxidation of 1 proceeded smoothly using an
equivalent amount of AgSbFg in CH,Cl, at room temperature.
Recrystallization of the product yielded the pure SbFg salt (1°*eSbFg7)
as a dark olive-green solid in 93% yield. Despite the absence of bulky
protecting groups, 1°*eSbF~ is stable in solution and is amenable to
silica-gel column chromatography (see Fig. S5 in ESI). Moreover, the
isolated powder is air-stable for at least 10 months. Open-shell
character of 1**eSbFs~ was confirmed by measuring the ESR spectra.
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A single ESR signal was observed for a CH,Cl, solution (g = 2.0035,
AH,,s = 1.02 mT,Fig. 2a) or the powder sample (g = 2.0007, AHpg =
1.07 mT, Fig. S2 in ESI) under ambient conditions. Oxidation of 1 was
also achieved using 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ)
(see ESI). The cyclic voltammogram of 1 was measured to reveal a
very low first oxidation potential (-0.25 V vs. Fc/Fc*), which is well
correlated with the ease of chemical oxidation (see Fig. S1 in ESI).
Fig. 2b shows the electronic absorption spectra of the radical
cations and the neutral form of 1 in CH,Cl, at room temperature. In
contrast to the relatively simple NIR absorption of 1 at 829 nm,
1°*eShF¢~ exhibited several absorption bands at 1303, 1094, 1007,
and 927 nm with high extinction coefficients
(up to 8.5 x 10* M cm™).° Time-dependent density functional
theory (TDDFT) calculations of a model radical cation (1me")
indicated that the spectral features can be correlated with two-
dimensionally m-extended structure (see Fig. S3 and Table S1 in ESI).
Thus, the 1303 nm absorption band is assigned to the SOMO—LUMO
transition, which is polarized to the x-axis, whereas the 927 nm band
is attributable to the HOMO—SOMO transition. As the HOMO is
localized along the x’-axis, the polarization direction of the
HOMO—SOMO transition (x’-axis) is different from that of the n-ni*

transition between the delocalized SOMO and LUMO (x-axis) (Fig. 2c).

The absorption bands at 1160 and 1007 nm appear to be vibronic
bands of the SOMO—LUMO transition.!® The spectral features of the
DDQ salt were essentially identical to those of the SbFg salt, and the
weak absorption bands in the 500-600 nm region are due to DDQ
radical anion.!?

The stability of our radical cation salts in CH,Cl, was examined
and compared with that of a commercially available stable radical
cation salt, tris(4-bromophenyl) ammoniumyl hexachloroantimonate
(Magic Blue, 2**eShClg). Fig. 3a shows plots of absorbance at the
maximum absorption wavelength vs. time under ambient air and
room light (fluorescent light) conditions.’2 No absorbance change
was observed for 1°*eSbF¢~ after 7 days, which was in marked
contrast to the gradual decrease for 2°*eSbClg~. 1°*eDDQ’" is
somewhat less stable in CH,Cl, than 1**eSbFg~, probably owing to the

instability of DDQ"- (vide infra), but is still more stable than 2°*eSbClg™.

We also found that our radical cation salts are more persistent than
a commercially available neutral m-conjugated stable radical,
galvinoxyl radical (see Fig. S6 in ESI).
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Fig. 2. (a) ESR spectrum of 1**eSbF¢~ in CH,Cl, under ambient conditions. Modulation
amplitude 5.0 mT; modulation frequency 100.00 kHz. (b) Electronic absorption spectra
of 1°*eSbFs~ (blue), 1**eDDQ"" (red), and 1 (black broken line) in CH,Cl, at room
temperature. (c) Frontier molecular orbitals (alpha orbitals) of 1y.** calculated at the
UB3LYP/6-31G(d,p) level.
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Fig. 3. (a) Effect of storage period on the absorbance of CH,Cl, solutions of 1**eShFs",
1*+eDDQ’", and Magic Blue (2°*eSbCls"). Each solution was stored under usual room
lighting at room temperature. (b) Spin density map (isovalue = 0.002, light blue: positive
spin, white: negative spin) of 1y.™* calculated at the UB3LYP/6-31G(d,p) level. (c)
Selected Mulliken spin density values of 1y.**, 2°*, and DDQ"". Absolute values of more
than 0.03 are shown.

To gain insight into the origin of the stability, we calculated the
spin densities of 1y."* and related radicals. As shown in Fig. 3b and
3¢, the unpaired electron in 1y"* is highly delocalized over the m-
extended structure including the aniline N atoms and benzoyl O
atoms. The highest Mulliken spin density value of 1.** was only 0.14,
which is much smaller than those of 2°* (0.33) and DDQ"~ (0.26), as
well as the parent p-quinodimethane (Thiele’s hydrocarbon) radical
cation (0.30; see Fig. S8 in ESI). These results suggest that the intrinsic
stability of 1°* arises at least partially from high spin delocalization,
and that the stability of the DDQ salt (1°*eDDQ"") is governed by the
less delocalized spin nature of DDQ"".

Unstable or metastable m-conjugated radicals often adopt a
dimeric structure called a pancake-bonded dimer, or m-dimer,
especially in the solid state.!®> Therefore, we next investigated
intermolecular interactions between BTAQ radical cations in the solid
state. Although our attempts to obtain single crystals of 1°*eSbFg~
were unsuccessful, we could obtain single crystals of 1°*eDDQ"-
suitable for X-ray diffraction analysis. To our surprise, 1°* has an
unusual one-dimensional columnar structure, and does not form a
pancake-bonded dimer (Fig. 4a).1* Two adjacent radical cations are
stacked in an antiparallel (head-to-tail) manner with multiple short
intermolecular distances (Fig. 4b). Such a stacking structure was not
seen in the X-ray structure of neutral BTAQ (1) (see Fig. S9 in ESI) and
related m-extended quinodimethane radical cations.2>-2¢:10
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Fig. 4. (a) Crystal packing structures of 1°*¢DDQ"". Solvent molecules and disordered
atoms are omitted for clarity. (b) m-Stacking of two adjacent BTAQ radical cations in the
X-ray structure. Intermolecular distances less than the van der Waals distance (3.4 A) are
shown in A. (c) Electrostatic potential (ESP) distributions (isovalue = 0.008) of 1y."* and
1y calculated at the (U)B3LYP/6-31G(d,p) level. Values are in kcal/mol. (d) Schematic
illustration of overlap of spin densities in the two radical cations.

We consider that the unusual equidistant stacking of 1°*eDDQ"~
in an alternating manner arises from the combination of
characteristics including the non-planar three-dimensional structure,
quadrupolar properties, and weak antiferromagnetic interactions.
Fig. 4c shows the electrostatic potential (ESP) distributions of 1ye"*
and a model neutral BTAQ (1me). One can see that the quadrupolar
properties in the m-skeleton increase upon oxidation (see also Fig.
S$10). Further, DFT calculations were performed for two adjacent
BTAQ radical cations in the X-ray structure ((1we"*),), and the results
indicate that (1ye'*), has an open-shell character regardless of the
functional and basis sets (see Table S3 in ESI). For instance, the triplet
state is 3.1 kcal/mol more stable than the singlet state at the UB3LYP-
D3/6-31G(d,p) level. The absence of strong antiferromagnetic
interactions despite the short intermolecular distance is probably
due to the absence of significant overlap of spin densities (Fig. 4d,
see Fig. S11 and S12 in ESI).%®
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Fig. 5. I/V characteristics of a thin film of 1**¢eDDQ"~ at room temperature. The circles
indicate the measured values. The straight line was drawn by the least-squares method.

Finally, the charge transport properties of thin-films of 1°*eDDQ*~
were preliminarily examined. Because solution processing is a
prerequisite for printed electronics, BTAQ radical cations are a
promising candidate for small-molecular conducting materials. Thin-
film devices fabricated by spin coating showed a high electrical
conductivity of 7.7 x 103 S cm™ with ohmic behavior at room
temperature (Fig. 5). This is in contrast to the semiconducting
properties of neutral BTAQ (1), which has a hole mobility of 1.3 x 10~°
cm? V-1 s71 (see Fig. S13 in ESI). Intermolecular interactions between
the BTAQ radical cations (1°*) may play an important role in the high
electrical conductivity, since single crystals of DDQ*~ with substituted
pyridinium cations are insulators (1072102 S cm™) or
semiconductors (102 S cm™).16 As the conductivity is dependent on
morphology and counterions,’” further optimization would lead to
better conductivity.

In conclusion, we have discovered a new type of stable m-
conjugated radical cation, i.e., bridged-tetra-aryl-p-quinodimethane
(BTAQ) radical cation. Because of the three-dimensionally m-
extended p-quinodimethane structure including heteroatoms, the
radical cation has unique properties: extremely high stability in air
under ambient conditions, intense and broad near-infrared
absorption, high spin delocalization, a unique one-dimensional
columnar structure, and high electrical conductivity. We believe the
facile synthesis of highly stable BTAQ radical cations without bulky
protecting groups opens up new opportunities for application of
stable m-conjugated radical cations, as well as for designing new
stable m-conjugated radicals.
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