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Abstract: A kinetically-stabilized nitrogen-doped triangulene cation 
derivative has been synthesized and isolated as the stable diradical 
with a triplet ground state that exhibits near-infrared emission. As was 
the case for a triangulene derivative we previously synthesized, the 
triplet ground state with a large singlet-triplet energy gap was 
experimentally confirmed by magnetic measurements. In contrast to 
the triangulene derivative, the nitrogen-doped triangulene cation 
derivative is highly stable even in solution under air and exhibits near-
infrared absorption and emission because the alternancy symmetry of 
triangulene is broken by the nitrogen cation. Breaking the alternancy 
symmetry of triplet alternant hydrocarbon diradicals by a nitrogen 
cation would therefore be an effective strategy to create stable 
diradicals possessing magnetic properties similar to the parent 
hydrocarbons but with different electrochemical and photophysical 
properties. 

Introduction 

Luminescent organic molecules have been widely explored due 
to their utilities in organic light-emitting diodes (OLEDs) and 
sensing devices.[1,2] In addition to typical closed-shell molecules, 
emissive monoradicals have also been actively investigated in 
recent years,[3–5] most of which are triphenylmethyl radical 
derivatives (Figure 1a)[6–17] by breaking the alternancy symmetry 
of the parent triphenylmethyl radical.[18] On the other hand, studies 
on emissive diradicals with a triplet ground state are very limited 
presumably because of the difficulty in the design and synthesis 
of stable triplet-ground-state diradicals with a rigid structure to 
suppress non-radiative transitions.[19–26] In fact, only two such 

examples have been reported to date as far as we are aware. One 
is an in-situ generated trimethylenemethane (TMM) diradical 
intermediate by Ikeda et al.,[27] and the other is a stable borocyclic 
diradical by Wang et al. (Figure 1b),[28] which showed weak anti-
Kasha fluorescence in the visible light region (𝜆max = 420 nm with 
two bands at 433 and 495 nm) with a quantum yield of 0.30%.[29] 

Recently, our group has been focusing on the design and 
synthesis of polycyclic hydrocarbons with a triplet ground 
state,[30,31] and succeeded in the isolation of kinetically stabilized 
triangulene derivative 1b in a crystalline form, experimentally 
confirming its triplet ground state with a large singlet-triplet energy 
gap (ΔEST) of >300 K (Figure 1c).[32,33] 1b showed only moderate 
stability against air and very weak absorption corresponding to 
the symmetry-forbidden T0→T1 transition and hence would not be 
suitable as an emissive diradical despite its rigid core structure 
(Figure S1). We imagined that replacement of an appropriate 
carbon atom of triangulene (1a)[30,32,34–37] with a heteroatom would 
increase the stability and break its alternancy symmetry to make 
the T0→T1 transition allowed while keeping its triplet ground state 
with a large ΔEST, thereby providing a new platform for a stable 
emissive diradical with a triplet ground state involving a T1→T0 
process. 

On the basis of these backgrounds, herein we describe the 
synthesis, isolation, and characterization of a nitrogen-doped 
triangulene cation derivative 2b+ as the first stable diradical with 
a triplet ground state that exhibits near-infrared emission. 
 



RESEARCH ARTICLE    

2 
 

 

Figure 1. (a) Representative examples of emissive monoradicals. (b) Emissive 
diradicals with a triplet ground state. (c) Structures of 1 and 2+. Mes = 2,4,6-
Me3C6H2. Ar = 2,4,6-Cl3C6H2. 

Results and Discussion 

Molecular Design 

To maintain the characteristic magnetic properties of 1a, we 
decided to replace the central carbon atom of 1a, which has no 
coefficient in two degenerate highest occupied molecular orbitals 
(HOMOs, α-HOMO-A and α-HOMO-B, Figures 2a and 2b). To 
increase the stability toward oxygen, we chose a nitrogen cation 
as replacement and designed a nitrogen-doped triangulene cation 
2a+, which is isoelectronic to 1a (Figure 1c).[38] During our study, 
Wang et al. reported the generation of 2a+ on Au surface under 
ultra-high vacuum at 4 K and showed that 2a+ has a triplet ground 
state.[39] In addition, Wu et al. reported on the solution-phase 
synthesis of its derivative 2c+, but the observed electron spin 
resonance (ESR) spectra are more consistent with the 
corresponding monohydrogenated radical cation (2c-H+) rather 
than 2c+ (see the Supporting Information for details).[40] Therefore, 
further studies toward the isolation of 2a+ or its derivatives would 
be necessary to understand their optical, electrochemical, and 
detailed magnetic properties. 
 

Figure 2. α-HOMO-A and α-HOMO-B of 1a (a, b) and 2a+ (d, e) calculated at 
the UB3LYP/6-311G(d,p) level of theory. Spin densities of 1a (c) and 2a+ (f) 
calculated at the UBLYP/6-311G(d,p)//UB3LYP/6-311G(d,p) level of theory. 

Density functional theory (DFT) calculations at the B3LYP/6-
311G(d,p) level of theory show that 2a+ has degenerate α-
HOMOs (Figures 2d and 2e) and spin densities similar to those of 
1a (Figures 2c and 2f). As is the case for 1a (+55.9 kJ mol−1), 
triplet-ground-state 2a+ is expected to have a large ΔEST of +53.5 
kJ mol−1 compared to the open-shell singlet state (which is lower 
in energy than the closed-shell singlet state by 63.6 kJ mol−1). 
Introduction of the nitrogen cation in place of the central carbon 
atom of 1a does not significantly affect the HOMOs of α spins (α-
HOMOs) and the lowest-unoccupied molecular orbitals of β-spin 
(β-LUMOs), but affects the α-LUMO and β-HOMO because these 
orbitals have a coefficient on the central carbon atom (Figure S2, 
vide infra). As a result, the nitrogen cation at this position breaks 
the alternancy symmetry of 1a. To kinetically stabilize the carbon 
atoms with large spin densities for the synthesis and isolation, we 
designed 2b+ having bulky tert-butyl and mesityl groups at the 
same positions as 1b (Figure 1c). 

Synthesis and Structural Characterization 

The synthesis of 2b+·TfO− was achieved in three steps from tris(2-
bromo-4-(tert-butyl)phenyl)amine (3)[41] (Scheme 1). Lithiation of 
tribromide 3 with n-butyllithium followed by the reaction with 
mesitaldehyde gave triol 4. Intramolecular three-fold Friedel–
Crafts reaction of 4 using trifluoroacetic acid gave 5 as a single 
isomer in 46% yield over two steps from 3. Finally, 2b+·TfO− was 
synthesized by the dehydrogenation and oxidation of 5 with 
chloranil followed by the counter anion exchange using 
trifluoromethanesulfonic acid. 2b+·TfO− was purified by gel 
permeation chromatography followed by recrystallization from 
CH2Cl2–hexane solution in a degassed sealed tube and obtained 
as brown crystals in 61% yield. 2b+·TfO− was stable in a glove box 
under argon in the solid state and relatively stable in solution 
under air (vide infra). 

(d) (e)

(a) (b)

(f)

(c)



RESEARCH ARTICLE    

3 
 

 
Scheme 1. Synthetic Route to 2b+·TfO−. Reaction Conditions: (i) 1) nBuLi, THF, 
–78 °C, 1 h; 2) MesCHO, –78 °C, then RT, 1 h. (ii) CF3CO2H, CH2Cl2, –78 °C, 
20 min, then RT, 30 min, 46% (two steps). (iii) 1) chloranil, CH2Cl2, RT, 3 h; 2) 
1.0 M aq. TfOH, 61%. 
 
 

Single crystals of 2b+·TfO− suitable for X-ray crystal structural 
analysis were obtained by recrystallization from THF–hexane 
(Figures 3a and S5). The dihedral angles between the mesityl 
groups and the main core structure are 76.0–89.5°, indicating the 
small electronic perturbation of mesityl groups to the core 
structure. No π-π interaction between 2b+ was observed because 
of the existence of bulky substituents and counter anion TfO−, 
located above the main core structure of 2b+ (Figure S5), 
indicating the absence of significant intermolecular magnetic 
interaction. The main core structure of 2b+ has almost D3h 
symmetry with the bond lengths similar to those obtained by DFT 
calculations at the UB3LYP/6-311G(d,p) level of theory (Figure 
3a). The lengths of C–C bonds of the main core structure (a–d) of 
2b+ are similar to those of 1b within 0.012 Å.[30] The C–N bond (e) 
of 2b+ has a small double bond character on the basis of its length 
(1.393 Å), which is between those of triphenylamine (1.418 Å)[42] 
and the acridinium moiety of a 10-phenylacridinium derivative 
(1.372 Å),[43] and the Wiberg bond index (WBI)[44] of 1.111 
obtained by the natural bonding orbital (NBO) analysis (Figure 
3b).[45] The nucleus independent chemical shift (NICS)[46–48] 
values (NICS(1)zz) of rings A and B of 2b+ are –11.3 and –1.9 ppm, 
respectively (Figure 3b). In addition, the anisotropy of the induced 
current density (ACID)[49,50] plot of 2b+ shows that the diatropic 
ring current exists in ring A (Figure S6). These results indicate 
that ring A is aromatic, while ring B is nonaromatic, which is in 
sharp contrast to 1b having the same degree of aromaticity for 
rings A and B.[30] The electrostatic potential (ESP) surface shows 
that the positive charge of 2b+ located not only near the nitrogen 
atom but also on γ-carbons (Figures 3c and S7). 

Based on these results, 2b+ would be described by the 
resonance structures I’, I’’, and I’’’ with three Clar’s aromatic 
sextets, an amine moiety, and two unpaired electrons and a 
positive charge localized on γ-carbons, and II’, II’’, and II’’’ with 
one Clar’s aromatic sextet, a pyridinium moiety, and two unpaired 
electrons delocalized over the periphery of 2b+ (Figure 3d). The 
contribution of I’, I’’, and I’’’ would be due to the delocalization of 
positive charge and weak aromaticity of pyridinium compared to 
benzene. 

 

Figure 3. (a) ORTEP drawing of 2b+·TfO− at 113 K and observed (red) and 
calculated (blue) bond lengths (Å, mean value). Displacement ellipsoids are 
drawn at the 50% probability level. TfO– is omitted for clarity. (b) Wiberg bond 
indices (black, mean value) and NICS(1)zz values (ppm, red, mean value) of 2b+. 
(c) Electrostatic potential surface of 2b+. (d) Resonance structures of 2a+. 

ESR and Magnetic Measurements 

To examine the magnetic property of 2b+, we measured the 
continuous-wave (cw) ESR spectrum of 2b+·TfO− in benzene at 
room temperature, which showed a signal with a g-value of 
2.0024 split by six equivalent protons and a nitrogen atom (Figure 
4a). The hyperfine coupling constants of aH and aN obtained by 
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simulation are 10.08 and 3.61 MHz, respectively. The spin density 
of α-carbons of 2b+ estimated using McConnell’s equation[51] 
(proportional constant = –66.9 MHz)[52] is 0.300 for two electrons 
(Figure 4b), which is in good agreement with the spin density (ρCα 
= 0.281, mean value) calculated at the UBLYP/6-
311G(d,p)//UB3LYP/6-311G(d,p) level of theory (Figure 4b). 
Because the observed and calculated spin densities of the α-
carbons of 2b+ are similar to those of 1b (obs: 0.293,[30] calc: 
0.283), nitrogen-doped 2b+ retains the characteristic magnetic 
properties of pristine 1b (Figure S2). 

In addition, similarly to 1b, the cw ESR spectrum of 2b+·TfO− in 
frozen 2-methyltetrahydrofuran (2-MeTHF) showed no fine 
structure (Figure S8a) and the forbidden transition of ΔMs = ±2 at 
the half-field (Figure S8b). The triplet state of 2b+·TfO− was 
therefore confirmed by pulse ESR-based two-dimensional 
electron spin transient nutation (2D-ESTN).[53,54] The field-swept 
2D-ESTN spectra of 2b+·TfO− in frozen 2-MeTHF at 10 K gave 
peaks at 14.5 MHz (Figure 4c), which are assigned to the triplet 
species judging from the ratio to a nutation frequency of the coal 
(10.6 MHz) used as an external standard (Figure S9). This result 
strongly suggests the successful observation of the triplet state of 
2b+·TfO−. 

The zero-field splitting (ZFS) parameters determined from the 
ESR spectrum of 2b+·TfO− dispersed in the precursor of 1b 
(Figure S10a) are |D| = 0.0012 cm−1 and |E| = 0.0003 cm−1 (g = 
2.0026). The weak forbidden transition of ΔMs = ±2 is consistent 
with the small |D| value (Figure S10b). Although the reason for the 
small |D| values of 1b and 2b+·TfO− with strong ferromagnetic 
interaction is still not clear, Juríček et al. also reported the small 

|D| value for 4,8,12-trimesityltriangulene (1c) and could not 
observe its forbidden transition of ΔMs = ±2.[32] In addition, 
triazananographene triradical with a quartet ground state reported 
by Rajca et al.[55] also has a small |D| value. Current DFT 
calculations also do not reproduce the experimental ZFS 
parameters of 1b and 2b+. It is known that current theoretical 
approaches to ZFS tensors of highly π-delocalized high-spin 
systems give overestimates.[56] The experimental results may be 
indicative of the importance of considering electron correlation in 
the theoretical calculations of the ZFS tensors. 

To determine the ground spin state of 2b+·TfO−, the magnetic 
susceptibility (χp) was measured using a superconducting 
quantum interference device (SQUID) (Figure 4d). The χpT–T 
plots of a microcrystalline sample of 2b+·TfO− showed the 
constant value of 0.97 emu K mol−1 at 50–300 K. Because it is 
very close to the value (1.00 emu K mol−1) for diradicals in a triplet 
ground state and larger than the maximum value (0.75 emu K 
mol−1) for diradicals with a singlet ground state, the triplet ground 
state of 2b+·TfO− was experimentally confirmed. Deviations of χpT 
from the value expected for S = 1 were observed below 50 K, 
which would be ascribed to the absorbed oxygen[57] on the surface 
of the sample of 2b+·TfO− in the degassed sealed tube (Figure 
S11). As was the case for 1b, these results show that 2b+·TfO− 
has a triplet ground state with a large exchange interaction of 
unpaired electrons (J/kB >> 300 K), which is consistent with the 
calculated ΔEST value of +51.6 kJ mol−1 for 2b+, and the 
population of thermally-excited singlet state of 2b+ at 300 K is 
negligible. 
 

 

 

Figure 4. (a) cw ESR spectra of 2b+·TfO− in benzene at room temperature (black: experiment, red: simulation using |aH| = 10.08 MHz (6H) and |aN| = 3.61 MHz 
(1N)). (b) Obtained (red) and calculated (black, mean value) spin densities, and the total spin densities of 2b+ (blue and green surfaces represent α and β spin 
densities, respectively) calculated at the UBLYP/6-311G(d,p)//UB3LYP/6-311G(d,p) level of theory with an isovalue of 0.004. (c) X-band pulse ESR-based two-
dimensional electron spin transient nutation spectra of 2b+·TfO− with a microwave irradiation strength of 6 dB in frozen 2-MeTHF solution at 10 K. (d) χpT–T curves 
of 2b+·TfO−. 
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Electrochemical and Photophysical Properties 
Having established the similar magnetic properties of 2b+ 
compared with 1b, we investigated its electrochemical and 
photophysical properties to understand the characteristic features 
originating from the doped nitrogen cation. In the cyclic 
voltammogram and differential pulse voltammogram of 2b+·TfO− 
in CH2Cl2 (Figure 5a), reversible redox waves corresponding to 
one-electron oxidation to 2b2+ (E1ox = +0.40 V vs. Fc/Fc+) and one-
electron reductions to 2b (E1red = −0.96 V) and 2b− (E2red = −1.66 
V) were observed. The first oxidation and reduction potentials of 
2b+ are higher than those of 1b (E1ox = −0.24 V and E1red = −1.71 
V), which indicates that the nitrogen cation lowers the energy of 
the α-HOMOs of 2b+, making 2b+·TfO− more stable than 1b. 
Meanwhile, the energies of the on-site Coulomb repulsion of 

2b+·TfO− (1.44 eV) and 1b (1.47 eV) estimated by the difference 
between the oxidation and reduction potentials are very close, 
suggesting that 2b+ and 1b have the same degree of 
delocalization of unpaired electrons.  

In the UV-Vis-NIR absorption spectrum, 2b+·TfO− showed an 
absorption band at 815 nm in CH2Cl2 (Figure 5b) assigned to the 
symmetry-allowed T0→T1 transition originating from degenerate 
α-HOMOs → α-LUMO (770 nm, f = 0.0556) (Table S5), which is 
longer and stronger than the forbidden transitions between the 
frontier molecular orbitals of 1b (450–650 nm). The absorption 
wavelength slightly shifted to shorter wavelength in C6H5Cl (788 
nm) and CH3CN (790 nm) (Figure 5c). Although the reason is not 
clear, this might be due to solvation of 2b+. It is important to note 
that, when the solution of 2b+·TfO− in CH2Cl2 was exposed to air 

 

Figure 5. (a) Cyclic voltammogram (solid line) and differential pulse voltammogram (dashed line) of 2b+·TfO− in CH2Cl2. (b) UV-Vis-NIR absorption (dashed line) 
and fluorescence (solid line, excited at 730 nm) spectra of 2b+·TfO− in CH2Cl2. (c) UV-Vis-NIR absorption (dashed line) and fluorescence (solid line) spectra of 
2b+·TfO− in CH2Cl2 (red), C6H5Cl (blue), CH3CN (green), and PMMA (black). (d) Fluorescence excitation spectra of 2b+·TfO− in CH2Cl2 (red), C6H5Cl (blue), and 
CH3CN (green) recorded at 850 nm. (e) Fluorescence intensity of 2b+·TfO− in CH2Cl2 solution plotted as a function of photoirradiation time. Femtosecond laser 
pulses at 800 nm were irradiated to the sample solution and the fluorescence was monitored at 820 nm. The irradiation power was set to 1.59 mW. The sample 
solution was treated by nitrogen bubbling for 15 min. (f) Fluorescence decay curve of 2b+·TfO− in CH2Cl2 solution monitored at 820 nm. The fluorescence lifetime 
was evaluated as 4.81 ns. 
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at room temperature, no significant change of the absorption 
spectra was observed for 10 h, confirming the high stability of 
2b+·TfO− (Figure S13). Furthermore, 2b+·TfO− exhibited a near-
infrared (NIR) fluorescence at 846 nm in CH2Cl2 with a small 
Stokes shift of 450 cm−1, indicating the rigid core structure of 2b+ 
(Figures 5b and S14). The similar dipole moments of T0 and T1 
states of 2a+ (T0: 0.00 D and T1: 0.02 D, UB3LYP/6-311G(d,p) 
level of theory) are consistent with the small Stokes shift. The 
agreement between the absorption and fluorescence excitation 
spectra confirmed that the detected fluorescence surely 
originates from 2b+·TfO− (Figure 5d). This represents the first 
example of an emissive triplet-ground-state diradical in the NIR 
region. It should be noted that 2b+·TfO− showed no decomposition 
under the photoirradiation condition for 5000 s (Figure 5e), 
indicating its ultrahigh stability under inert atmosphere. In addition, 
the fluorescence wavelengths and quantum yields of 2b+·TfO− 
were not significantly affected by polarity of the solvents (CH2Cl2 
(846 nm, 1.3%), C6H5Cl (851 nm, 1.2%), and CH3CN (844 nm, 
1.2%)), which is in sharp contrast to the reported donor-acceptor 
NIR fluorescent molecules (Figure 5c).[58] Moreover, 2b+·TfO− (1 
wt%) dispersed in poly(methyl methacrylate) (PMMA) film showed 
an absorption band at 781 nm and a fluorescence band at 827 nm 
with a quantum yield of 1.8% (Figure 5c), indicating that 2b+·TfO− 
would be used in emission devices. The transient absorption 
spectra of 2b+·TfO− in CH2Cl2 showed positive and negative (> 
720 nm) bands up to the nanosecond time region (Figure S15). 
The negative band is a superposition of ground state bleaching 
and stimulated emission of the T1 state, which is consistent with 
the absorption and fluorescence spectral shapes in Figure 5c. The 
lifetime of the T1 state was quantitatively determined as 4.8 ns 
from the fluorescence decay curve (Figure 5f). The radiative and 
non-radiative rates for the T1→T0 transition were determined as kr 
= 2.7 x 106 s−1 and knr = 2.1 x 108 s−1. Although kr tends to become 
smaller for the same oscillator strength in the NIR region, the 
reasonably large kr value of 2b+·TfO− could lead to fluorescence 
emission in this region. The value of knr is as small as that of 
typical fluorescent dyes, which probably originates from the rigid 
core structure of 2b+. 

To obtain detailed information about the allowed transition of 
2b+·TfO− at NIR region, we conducted the DFT calculations of 1a 
and 2a+. The energy differences between the α-HOMO and α-
LUMO (3.73 eV) and the β-HOMO and β-LUMO (3.71 eV) of 1a 
are similar with each other because 1a is an alternant 
hydrocarbon,[59,60] and its T0→T1 transition is symmetry-forbidden 
(Figure 6a and Table S2). Because the α-LUMO and β-HOMO of 
1a have a coefficient on the central carbon atom, the energy 
levels of the corresponding orbitals of 2a+ (α-LUMO and β-
HOMO−3) are significantly lowered due to the nitrogen cation 
(Figures 6b and S17). Therefore, the energy difference between 
the α-HOMO and α-LUMO of 2a+ is reduced to 2.42 eV, while that 
between β-HOMO and β-LUMO of 2a+ is increased to 4.35 eV, 
and its T0→T1 transition becomes symmetry-allowed. TD-DFT 
calculations showed that the T0→T1 transitions of 2a+ originate 
from degenerate α-HOMOs → α-LUMO expected at 778 nm with 
the oscillator strengths of 0.0216, which is longer and stronger 
than those of 1a (474 nm, f = 0.0004). T1→T0 transition of 2a+ is 
also allowed (858 nm, f = 0.0115), which is in contrast to the 
forbidden T1→T0 transition of 1a (500 nm, f = 0.0001). These 
results show that breaking the alternancy symmetry is important 
to make the T0→T1 and T1→To transitions allowed and the 

decrease of the energy level of α-LUMO contributes to the longer-
wavelength absorption and fluorescence of 2b+·TfO−. 
 

 

Figure 6. Energies of frontier molecular orbitals of 1a (a) and 2a+ (b). 

Conclusion 

We designed, synthesized, and isolated a kinetically stabilized 
nitrogen-doped triangulene derivative 2b+·TfO− and elucidated its 
structure and magnetic, electrochemical, and photophysical 
properties in detail. The replacement of the central carbon atom 
of the triangulene core with a nitrogen cation does not significantly 
change the magnetic properties but changes its electrochemical 
and optical properties. 2b+·TfO− is relatively stable under ambient 
conditions and has a large ΔEST comparable to a triangulene 
derivative 1b. Because the nitrogen cation breaks the alternancy 
symmetry of 1b and makes the T0→T1 transition and T1→T0 
fluorescence allowed and decreases the energy level of α-LUMO, 
2b+·TfO− exhibited near-infrared absorption and fluorescence. 
Breaking the alternancy symmetry of alternant hydrocarbon 
diradicals with a triplet ground state by replacing its appropriate 
carbon atom with a nitrogen cation would therefore be an effective 
strategy to create various stable diradicals possessing magnetic 
properties similar to the parent hydrocarbons but with different 
electrochemical and photophysical properties. 
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A kinetically-stabilized nitrogen-doped triangulene cation derivative has been synthesized and isolated. It is highly stable even in 
solution under air and has a triplet ground state with a large singlet-triplet energy gap. In contrast to the triangulene derivative, the 
nitrogen-doped triangulene cation derivative exhibits near-infrared absorption and emission because the alternancy symmetry of 
triangulene is broken by the nitrogen cation. 


