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Near-infrared absorption of π-stacking columns composed of
trioxotriangulene neutral radicals
Yasuhiro Ikabata1, Qi Wang2,3, Takeshi Yoshikawa1, Akira Ueda4,5, Tsuyoshi Murata3,4,6, Kazuki Kariyazono4, Miki Moriguchi4,
Hiroshi Okamoto 7, Yasushi Morita3,4,6 and Hiromi Nakai1,2,3,8

A long-wavelength photoabsorption of organic molecules has been noticed because of the potential as materials. In addition to the
extension of π conjugation, molecular aggregation has been utilized to realize the elongation of absorption wavelength. We report
strong near-infrared absorptions of trioxotriangulene neutral radicals in the crystalline state and large-scale theoretical calculations
of the radical assemblies interpreting the mechanism of optical properties. Polarized absorption spectra and X-ray diffraction of the
crystals clarified that an unusual π-stacking column consisting of π-dimers is key for this absorption. Quantum chemical calculations
based on time-dependent density functional theory revealed that the π-dimer shows an electronic transition between frontier
orbitals generated by strong coupling of the delocalized singly occupied orbitals of monomers. The interdimer interaction of
transition dipole moments, which are parallel to the column, elucidated the increase of absorption wavelength. The divide-and-
conquer Green function method enabled the large-scale time-dependent density functional theory calculation up to a 60mer,
where the maximum number of atoms is 4380, reproducing the near-infrared absorptions of trioxotriangulene crystals. The present
method to investigate the mechanism of the long-wavelength photoabsorption is useful for developing organic materials
consisting of stable neutral radicals.
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INTRODUCTION
π-Conjugated molecules absorbing near-infrared (NIR) light have
been noticed in the researches of various applications.1, 2 One of
the methodologies to design a molecule showing low-energy
absorption involves the extension of π-conjugated systems that
narrow the highest occupied molecular orbital (HOMO)-lowest
unoccupied molecular orbital (LUMO) gap. In two extreme
examples, the absorption band of zinc(II) porphyrin (400 nm)
exhibits a red-shift in the fused tape-shaped array (3500 nm,
dodecamer),3, 4 and the giant hydrocarbon sheet, C222H42, shows a
broad absorption band around 250–1400 nm.5 π-Stacking also
increases the absorption wavelength, since the intermolecular
overlap of π-orbitals causes exciton delocalization. This kind of
low-energy absorption can also be utilized for materials such as
organic solar cells made from the J-aggregate of lead phthalo-
cyanine.6 The π-stacked arrays of open-shell molecules are known
to exhibit further lower energy absorption with large absorbance.
One-dimensional (1D) columns of ion-radical species of tetra-
cyanoquinodimethane and tetrathiafulvalene derivatives exhibit
NIR absorption bands at 1000–2000 nm.7–10

1D π-stacked arrays of neutral π-radicals, which we term ‘π-
stacked radical polymers’,11 are constructed without formation of
the σ-bonds, and absorb long-wavelength light. Phenalenyl (PNL)
is a carbon-centered neutral π-radical with a delocalized spin
structure.12–19 Several PNL derivatives form π-dimers, and exhibit

absorption bands around 600 nm.15–17 In a few cases, 1D π-
stacking columns are formed with large intermolecular separa-
tions of ~3.78 (ref. 13) and 3.65 Å,19 due to bulky protection
groups, the latter of which shows a band around 800 nm.19 π-
Stacked structures of π-conjugated PNL dimers (1/2 unpaired
electron per PNL unit)20–22 and those of singlet-diradical
bisphenalenyls23 (one unpaired electron per PNL unit) exhibit
NIR absorption bands. Bis(dithiazolyl) radicals24, 25 form 1D π-
stacks with intercolumnar S∙∙∙S and S∙∙∙N contacts, showing low-
energy absorption bands around ~2500 nm (~0.5 eV).
Trioxotriangulene (TOT) 1, a neutral π-radical possessing a

delocalized SOMO (Fig. 1), was designed by the π-expansion and
oxo-substitution of PNL.26 In this study, we found that TOT
derivatives having tert-butyl and n-butoxy groups, 2 and 3,
respectively, exhibit a strong self-assembling ability to form 1D π-
stacking columns. In the following section, NIR absorptions with
wavelengths longer than 1000 nm for π-stacked radical polymers
are reported. The mechanism of NIR absorption is elucidated using
a quantum chemical calculation. Sufficiently long columns should
be handled to obtain excitation energy compared to the
absorption spectra of simple crystals. The quantum chemical
calculation of such system is difficult due to the large scaling of
computational time with respect to the size of systems. We focus
on our linear-scaling method for nonlocal electronic excitations
developed recently.27 The use of the effective algorithm provides
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a consistent explanation of the experimental spectra of single
crystals on the basis of the properties of a monomer or a dimer.

RESULTS
Synthesis and spectroscopy
Neutral radicals 2 and 3 were synthesized according to our
previous work26 and Supplementary Fig. 1, respectively. Novel
radical 3 is stable in air at room temperature in both the solid and
solution states, indicating the high chemical stability of 3 similar to
2,26 despite its smaller steric hindrance. Such a high stability is
originated from the delocalization of electronic spin around the
extended π-electronic system (Fig. 2 and Supplementary Fig. 2).
Figure 2a shows the observed and simulated electron paramag-
netic resonance (EPR) spectra of 2 in toluene, showing a well-
resolved multiline spectrum originating from the hyper-fine
couplings with hydrogen atoms on aromatic ring and tert-butyl

groups. The hyper-fine coupling constants (aH) determined by the
simulation are successfully assigned with the help of the density
functional theory (DFT) calculations (Fig. 2c), suggesting that the
unpaired electron of 2 delocalizes over the whole π-electronic
system with threefold symmetry as seen in the calculated spin-
density map (Fig. 2d). The intensity of the EPR signal of 2 gradually
decreased on cooling (Fig. 2b) due to the π-dimerization as shown
in PNL radical (vide infra),16, 17 and the fitting of the plot gave the
thermal parameters of π-dimerization,16 ΔH = –12.7(4) kcal mol–1

and ΔS = –19(2) e.u.
Figure 3 displays solid-state absorption spectra of 2 and 3

dispersed in KBr. 2 shows a long-wavelength broad absorption
band centered at 1134 nm. In the polarized reflectance spectra of
a single crystal of 2 (Supplementary Figs. 3 and 4), this absorption
was observed only along the column direction. A similar
absorption band was also observed for 3 around 1488 nm in
both KBr pellet and polarized reflectance spectra (Fig. 3 and
Supplementary Fig. 4). These anisotropic absorption spectra
clearly indicate that the long-wavelength absorptions of 2 and 3
are derived from intra-columnar π-π interactions in the solid state.
The solution spectrum of 2 in CHCl3 shows a long-wavelength

absorption band centered at 834 (Fig. 4), and similar band is
observed for 3 at 978 nm (Supplementary Fig. 5). The time-
dependent density functional theory (TDDFT) calculation assigned
the band as the intermolecular transition within π-dimers,15–17 and
the wavelengths are significantly shorter than that in the solid
state, suggesting a stacking effect in the column. For the detailed
assignment, excited-state calculations of monomers and π-dimers
were performed (Supplementary Tables 1–3). In the temperature-
dependent measurement, the bands assignable as the monomer
(labeled as D in Fig. 4) becomes weak with lowering temperature,
while the intensity of the band of the π-dimer (labeled as S in
Fig. 4) increases on cooling. They are fully reversible and have
isosbestic points, indicating that the spectral changes are due to
thermal equilibrium between only two species, the monomer and
π-dimer of 2 in a solution state. These experimental and
calculation results eliminate the possibility of the generation of
the σ-dimer in the solution state at low temperature. It should be
also noted that the σ-dimerization cut the π-electronic systems of
TOT skeleton into pieces, then the σ-dimer of 2 is hardly expected
to exhibit a longer wavelength absorption. In the case of tri-tert-
butyl-1,3-diazaPNL radical,11 where the π- and σ-dimers coexist in
the equilibrium in the solid state, a long-wavelength absorption
around 670 nm reduces with lowering temperature and increasing
the ratio of the σ-dimer. Tri-tert-butyl PNL radical forms a π-dimer
in the solution state at low temperature as well as in the crystalline

Fig. 1 Chemical structure and SOMO of TOT. R denotes
the substituent groups around the TOT skeleton. The SOMO
was obtained by restricted open-shell DFT using the ωB97X-D
functional

Fig. 2 Electronic spin structure of 2. a Observed and simulated
hyperfine electron paramagnetic resonance (EPR) spectra of 2 in
toluene (1 × 10–4 M) at 293 K. b Temperature dependence of the EPR
intensity of 2 in toluene (8 × 10–5 M), where plot and solid line denote
the experimental values normalized at 370 K and the calculated
value. c Observed (black) and calculated (red) hfcc values of 2. d
Calculated spin-density distribution of 2. Red and blue regions
denote positive and negative spin densities, respectively

Fig. 3 Solid state absorption spectra. The solid and dashed lines
show the spectra of 2 and 3, respectively. Measurement was
performed for the KBr pellets
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state, and the π-dimer exhibits a long-wavelength absorption
band around 600 nm.16, 17 Considering these previous studies of
π-dimers of PNL-based π-radicals, the present long-wavelength
broad absorption is assignable to a transition within the π-dimeric
pair of 2, namely, the radical 2 in solution aggregates to form the
π-dimers.
Importantly, the broad absorption band of 2 centered at 834

nm increases with decreasing temperature as shown in the inset
of Fig. 4. Solid line shows the calculated dependencies with the
theoretical values with ΔH = –6.2(1) kcal mol–1 and ΔS = –4.4(4) e.
u. Although the reason is not clear, the differences of these ΔH
and ΔS values from those obtained by the EPR measurement
(Fig. 2) are probably caused by the solvent effect. In the case of
the π-dimerization of tri-tert-butyl PNL radical,16, 17 the thermo-
dynamic parameters considerably varied depending on the
measurement solvents, indicating that the π-dimerization of π-
radicals is very sensitive to solvation.

Crystal structure
Figure 5 describes 1D column structures of 2 (ref. 26) and 3 in the
crystals, where both molecules stack by π-π interaction and σ-
dimerization of the radicals is not observed. In both columns, the
molecules stack to enclose the Cb atoms, which possesses the
largest spin population (Fig. 5a, b). The shortest intermolecular
Cb–Cb distances of 2 and 3 dimers are 2.979 and 3.084 Å,
respectively, and those around 1.5 Å indicating σ-dimerization of
the radicals are not observed. Two different distances between Cb
atoms defined in Fig. 1: 2.979 and 3.641 Å for 2, and 3.084 and
3.452 Å for 3, suggest the π-dimerization in the columns (Fig. 5c,
d). The intradimer Cb–Cb distances are much smaller than the sum
of van der Waals radii of carbon atoms, 3.40 Å.28 Some of the other
intradimer C–C and C–O distances also show the same tendency.
In contrast, interdimer C–C and C–O distances are longer than the
sums of the van der Waals radii. The fact means that the 1D
column structure is made of sequential stacking of π-dimers. The
intra/interdimer overlap integrals between π-orbitals in the
columns of 2 and 3 calculated by the extended Hückel method
are 18.4 / 1.15 × 10–3 and –20.3 / –11.4 × 10–3, respectively, indicat-
ing stronger dimerization of 2 over that of 3.

Quantum chemical calculation of π-stacked radical polymers
To understand the NIR absorption theoretically, finite column
structures were extracted, and photoexcitation properties were
determined by a quantum chemical calculation. First, the electron
excitation from the ground (S0) state to low-lying singlet states of

dimers and tetramers of 2 and 3 were calculated (Table 1). Here a
dimer and a tetramer are defined as shown in Fig. 5c, d. For the
dimer, the S0→S1 transition has a large oscillator strength. This
excitation corresponds to a HOMO–LUMO transition, where
HOMO and LUMO are generated by a SOMO from each monomer
(Fig. 6). The excitation character is the same as that of a π-stacked
PNL dimer.15–17 In the tetramer, four SOMOs provide two bonding
and two anti-bonding orbitals (Supplementary Fig. 6), generating
four excited states. The lowest excitation has large oscillator
strength and smaller excitation energy than the S0→S1 transition
of the dimer. In contrast, the higher excitations have zero or

Fig. 4 Temperature-dependent UV-Vis spectra of 2 in CHCl3 solution (8.25 × 10–5 M). Assignments by the TDDFT calculation of monomer
(doublet, D) and dimer (singlet, S) were shown. Inset shows the plot of temperature dependence of the absorbance at 834 nm

Fig. 5 Crystal structures of 2 and 3. a, b Overlap patterns of 2 (ref.
26) and 3 in the 1D columns, respectively. c, d The column structures
of 2 (ref. 26) and 3, where red and blue arrows designate intradimer
and interdimer distances between Cb atoms, respectively
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negligibly small oscillator strengths and increased excitation
energies.
Taking these results, the S0→S1 excitation energy, excitation

wavelength, and HOMO–LUMO gap up to a 60mer were
calculated. We calculated the systems from a dimer to a decamer
using the conventional algorithm of TDDFT.29 TDDFT calculations
of the larger systems, i.e., 20–60mers, were calculated using the
divide-and-conquer Green function (DC-GF) method.27 The DC-GF
method reduces the scaling of computational cost to quasilinear.
The dimension of the calculation was significantly decreased, as
shown in Supplementary Table 4.

As seen in Table 2, the excitation energy decreases as the
number of radicals, N, increases. The result of the 60mers agrees
well with the experimental absorption peak. The convergence of
wavelength with respect to the number of radicals is confirmed.
The oscillator strength was also calculated, up to a decamer
(Table 2). The oscillator strength per molecule increases, indicating
that the extension of the 1D structure enhances the photoabsorp-
tion. The configuration relevant to the S0→S1 excitation is
qualitatively described in Fig. 7. In oligomers, the HOMO→LUMO
transition is the most dominant as in the dimer, while other
configurations between frontier orbitals made from SOMOs such
as HOMO − 1→LUMO + 1 and HOMO − 2→LUMO + 2 contribute to
the electronic excitation.
Comparison between the calculated values of 2 and 3 in Table 2

indicates two tendencies: 3 has a longer absorption wavelength,
and 2 has a larger oscillator strength. The larger intradimer orbital
overlap of 2 leads to the wider HOMO–LUMO splitting of the
oligomers. The larger oscillator strength of 2 than that of 3 is
explained by the difference in excitation energy, because the
oscillator strength is proportional to the energy difference
between ground and excited states.
The substituent effect was also investigated by replacing the

substituents with hydrogen (Supplementary Table 5). From the
result of the 60mers, red shifts due to the substituents were 67 and
119 nm for 2 and 3, respectively. The rationale of this substituent
effect is the delocalization of SOMOs into the substituents
(Supplementary Fig. 7), resulting in smaller SOMO–SOMO overlap.
The delocalization is consistent with the decrease in spin population
at the Cb atom (Supplementary Table 6).
Here we discuss the reason of the longer absorption

wavelength of 3 compared to 2 in the crystalline phase. The
differences of the calculated excitation wavelengths between the
dimers of 2 and 3 with and without substituents are 220 and 227
nm, respectively. Although 2 forms a staggered dimer, the dimer

Table 1. Electronic excitation properties of dimers and tetramers of 2 and 3 by quantum chemical calculations

Energy (eV) Wavelength (nm) Oscillator strength Configuration

Dimer of 2

S0→S1 1.598 776 0.237 HOMO→LUMO 0.716

Tetramer of 2

S0→S1 1.440 861 0.599 HOMO − 1→LUMO+ 1 −0.306

HOMO→LUMO 0.644

S0→S2 1.639 757 0.000 HOMO − 1→LUMO 0.544

HOMO→LUMO+ 1 −0.467

S0→S3 2.129 582 0.000 HOMO − 1→LUMO 0.459

HOMO→LUMO+ 1 0.537

S0→S4 2.242 553 0.004 HOMO − 1→LUMO+ 1 0.639

HOMO→LUMO 0.302

Dimer of 3

S0→S1 1.245 996 0.174 HOMO→LUMO 0.721

Tetramer of 3

S0→S1 1.097 1130 0.434 HOMO − 1→LUMO+ 1 −0.298

HOMO→LUMO 0.651

S0→S2 1.286 964 0.000 HOMO − 1→LUMO 0.546

HOMO→LUMO+ 1 −0.473

S0→S3 1.739 713 0.000 HOMO − 1→LUMO 0.458

HOMO→LUMO+ 1 0.532

S0→S4 1.868 664 0.001 HOMO − 1→LUMO+ 1 0.641

HOMO→LUMO 0.286

Only the excitations between frontier orbitals made from monomer’s SOMOs were summarized. Dominant configurations with coefficients larger than 0.20 are listed

Fig. 6 Frontier orbitals and orbital energies of dimers of a, b 2 and c,
d 3. The HOMOs and LUMOs indicate intermolecular bonding and
antibonding interactions due to the SOMOs of the monomers,
respectively
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of 3 is twisted at about 32°, decreasing the overlap of SOMOs, as
calculated in the previous subsection. The smaller overlap narrows
the HOMO-LUMO gap, decreasing the excitation energy. Non-
covalent attractive interactions between n-butoxy side chains may
elucidate the twisted structure. From the comparison between
absorption wavelengths of dimers and 60mers, the difference of
the calculated excitation wavelengths for 2 and 3 increased by
225 nm (with substituents) and 166 nm (without substituents),
respectively. Thus, the interdimer excitonic delocalization is also
key to explain the difference of experimental absorption
wavelengths of crystals (354 nm). Such large intermolecular effect

is reasonable because the interdimer atom-atom distances of 3
are smaller than those of 2.
The column length dependence of the excitation wavelength

obtained by quantum chemistry calculations is visualized in Fig. 8.
The excitation wavelength has converged at the 60mer, indicating
that the 60mer is sufficient to represent the photoabsorption of the
infinitely long column. The substituent effect in increasing the
excitation wavelength is not negligible. The excitation wavelength
increases as the number of layers increases to the 30mer, and the
increase from the 30mer is not more than 20 nm. Considering the
intradimer and interdimer distances shown in Fig. 5c, d, the column
lengths, defined here as the longest distance between the central
carbon atoms Cb (Fig. 1), of the 30mers of 2 and 3 are 9.93 and 9.80
nm, respectively. Thus, the excitonic interaction is regarded to exist
in the range of the column length of about 10 nm.

DISCUSSION
We have disclosed and theoretically analyzed the strong NIR
absorption of TOT derivatives 2 and 3 in the crystalline state. In the
present system, the high stability and the extended π-systems of 2
and 3 caused π-dimers, leading to the construction of π-stacked
radical polymers and exhibition of strong NIR absorption bands.
With the help of TDDFT calculations, the absorption was interpreted
in terms of the intradimer HOMO–LUMO transition and interdimer
interaction of the transition moments. The calculation reproduced
well the peaks in the absorption spectra. Although the quantum
chemical calculations on the optical properties of π-dimers are
reported in PNL radicals and several ionic radical species,15, 30, 31 the
calculation on π-stacked radical polymers has not been performed.
For designing the functional materials based on organic π-radicals,
the development of computational analyses on the assemblies of
open-shell molecules is indispensable. The present study will be
useful in the exploration of new functional electronic and optical
materials composed of organic π-radicals.

METHODS
Experimental section
The experimental details are described in the Supplementary Information.
Crystal data for 3: C34H33O6: Mr = 537.60, orthorhombic, space group
P212121 (no. 19), a = 6.5294(7), b = 26.765(3), c = 30.426(3) Å, V = 5316.7(9)
Å3, ρcalcd = 1.343 g cm–3, Z = 8, T = 100 K, μ(MoKα) = 0.91 cm–1, 2θmax =
55.0°, 52,924 reflections, 12,205 of which were unique (Rint = 0.209). R1 =
0.0896, wR2 = 0.2571, GOF = 0.925. CCDC-1059198 contains the supple-
mentary crystallographic data for this paper. These data can be obtained

Table 2. S0→S1 excitation properties of TOT oligomers

N Energy (eV) Wavelength
(nm)

Oscillator
strength

HOMO–LUMO
gap (eV)

2 2 1.598 776 0.237 (0.119) 4.136

4 1.440 861 0.599 (0.150) 3.783

6 1.349 919 0.986 (0.164) 3.621

8 1.296 957 1.400 (0.175) 3.537

10 1.262 983 1.828 (0.183) 3.487

20 1.188 1044 3.436

30 1.155 1073 3.424

40 1.146 1082 3.418

50 1.145 1083 3.417

60 1.145 1083 3.417

3 2 1.245 996 0.174 (0.087) 3.750

4 1.097 1130 0.434 (0.109) 3.376

6 1.007 1231 0.717 (0.120) 3.201

8 0.953 1301 1.023 (0.128) 3.106

10 0.919 1349 1.343 (0.134) 3.049

20 0.845 1468 2.986

30 0.822 1508 2.973

40 0.812 1526 2.967

50 0.812 1527 2.967

60 0.811 1528 2.967

Excitation energies, wavelengths, oscillator strengths, and HOMO–LUMO
gaps of 1D stacked 2 and 3 were obtained by quantum chemical
calculations. N is the number of molecules. Oscillator strengths per
molecule are shown in parentheses

Fig. 7 Schematic illustration on S0→S1 excitation of a dimer and a decamer of 2. Horizontal lines represent energy levels of frontier orbitals.
HOMO and LUMO of a dimer and a decamer are depicted as well as SOMO of a monomer
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free of charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.

Theoretical calculation
DFT and TDDFT calculations were carried out to compute ground and
excited states, respectively. Here we mention our state-of-the-art algorithm
for TDDFT, DC-GF method.27 Computational details in the other calcula-
tions are summarized in the Supplementary Information.
In usual TDDFT calculations to obtain excitation energies and properties,

the so-called Casida’s equation29 is solved. The DC-GF method was
proposed for large-scale excited-state calculations, where an exciton is
significantly delocalized. Instead of solving the Casida’s equation in
conventional TDDFT, the DC-GF method evaluates excitation energies
using frequency-dependent dynamical polarizabilities.
The dynamical polarizability of a system is expressed by two formulae.

The first formula is a derivative of the total dipole moment with respect to
the external electric field. This is equivalent to solving the Green function
method.32, 33 The DC method for electronic structure calculation,34–36

which divides the total system into subsystems and allocates buffer region
for each subsystem, reduced the scaling of computational time to
quasilinear. The second formula is expressed as the sum-over-state, as
follows:

α ωð Þ ¼
X

n

fn
ω2
n � ω2

; (1)

where ωn and fn are the excitation energy and oscillator strength from the
ground state to the n-th excited state, respectively; n describes any excited
state. At the pole corresponding to the n-th excited state, the dynamical
polarizability is approximated as

α ωð Þ � fn
ω2
n � ω2

: (2)

When the polarizabilities of both ωn+ and ωn– frequencies are sufficiently
close to ωn, the excitation energy, ωn is calculated using

ωn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α ωþð Þω2þ � α ω�ð Þω2�

α ωþð Þ � α ω�ð Þ :

s
(3)

The DC-GF method is equivalent to solving the Casida’s equation in terms
of providing the poles at the same frequencies. To determine the
excitation energies close to an unknown pole, we have recently proposed
an efficient pole-search algorithm,37 which combines a homogeneous
search using a constant energy step with a bisection search.
We applied the DC-GF method to 20−60mers of 2 and 3 (Table 2) and 10

−60mers of hydrogen-substituted counterparts (Supplementary Table 5). A
modified version of the GAMESS program38 was used with the ωB97X-D39

functional and 6–31 G(d,p) basis set. The spin-restricted formalism was

employed because spin density of 2 in solution disappeared at low
temperature due to the formation of a dimer (Fig. 2b). One dimer and two
tetramers were taken as a central and buffer regions of the DC method,
respectively. The number of singly excited configurations is listed in
Supplementary Table 4. The maximum size of the system treated by the
DC-GF method is the 60mer of 3, containing 4380 atoms and 45,900 basis
functions. If the conventional algorithm is applied, 229,702,500 singly excited
configurations should be treated. The maximum number of singly excited
configurations per subsystem in the DC-GF method was 6,380,625. The
reduction of computational cost realized large-scale TDDFT calculations to
support the interpretation of the NIR absorption.
The data that support the findings of this study are available from the

corresponding author on reasonable request.
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