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ABSTRACT: Cationic molecules have distinct properties that differ from those of electronically neutral molecules. They have been extensively 
studied and utilized as reaction intermediates, organic salts, and 
dyes. Among them, cationic arenes are of particular interest be-
cause they can act as charge carrier intermediates in p-type organic 
semiconductors. Although heteroatom-containing cationic arenes 
have been reported, those without heteroatoms, namely cationic 
aromatic hydrocarbons, are still rare and relatively unexplored due 
to their instability in air. Nanobelts are cyclic arenes that only con-
sist of annulated structures. Recently, various types of nanobelts 
have been synthesized, and several unique properties of nanobelts 
have been unveiled. However, cationic nanobelts without heteroa-
toms have never been synthesized, and their properties are of sig-
nificant interest from both fundamental and application perspec-
tives. Herein, we report the first synthesis of cationic hydrocarbon 
nanobelts (radical cation and dication) obtained via the chemical oxidation of methylene-bridged [6]cycloparaphenylene ([6]MCPP). These 
cationic species turned out to be remarkably stable in air, which made it possible to measure and uncover their structural and electronic prop-
erties. Notably, the [6]MCPP dicationic salt has sharp absorption and fluorescence bands at much longer wavelengths than those of neutral 
[6]MCPP, close to the near-infrared region. From both experimental and theoretical investigation, the existence of a strong diatropic belt cur-
rent in [6]MCPP dication has been indicated. In addition, a longer lifetime was observed for the hexamethyl[6]MCPP dicationic salt than for 
the [6]MCPP dicationic salt in solution. These findings regarding cationic hydrocarbon nanobelts contribute to a novel molecular design for 
stable cationic aromatic hydrocarbons.  

INTRODUCTION 
Cationic molecules have long been studied as reaction interme-

diates in a range of cation-triggered organic transformations and also 
have been utilized in numerous materials such as dyes, liquid crystals, 
conducting polymers, and photocatalysts.1 Among them, cationic 
arenes, in which π-electrons have been removed from aromatic rings, 
have been recognized as important cationic molecules because they 
can act as intermediates of charge carriers in p-type organic semicon-
ductors.2 To utilize intrinsically moisture-sensitive cationic arenes as 
stable species, electron-donating heteroatoms such as nitrogen and 
oxygen atoms are often introduced into arene scaffolds. In contrast, 
cationic arenes without heteroatoms, namely cationic aromatic hy-
drocarbons, are rare.3 While the introduction of multiple bulky 

substituents such as mesityl groups to gain air-stability has been a 
common strategy in the field, this generally cannot be applied to sta-
bilize cations of π-conjugated arenes. Delocalization of positive 
charge is another powerful strategy for stabilizing cationic species of 
π-extended arenes. In the past decade, the groups of Jasti and 
Yamago have extensively studied the cationic species of cyclopara-
phenylenes (CPPs), revealing their unique size-dependent proper-
ties.4 Considering the recent progress of the chemistry of π-extended 
arenes,5 their cationic species are also worth investigating.  

Nanobelts and aromatic belts are a class of synthetically chal-
lenging and recently emerging cyclic π-extended arenes (Figure 
1a).6,7 Since the first synthesis of (6,6)carbon nanobelts ((6,6)CNB) 
in 2017,6 different types of nanobelts have been synthesized, and 
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their properties have been investigated. Despite the recent advances 
in nanobelts, cationic nanobelts are limited to certain dicationic spe-
cies of nonalternant aromatic belts doped with nitrogen atoms.8 
There are no reports on the cationic species of hydrocarbon nano-
belts, probably because of their assumed instability; thus, their syn-
thesis is in strong demand. 

Herein, we report the first synthesis of cationic hydrocarbon 
nanobelts. Methylene-bridged [6]cycloparaphenylene ([6]MCPP) 
was selected as our target nanobelt for obtaining a cationic nano-
belt.9 [6]MCPP is a nanobelt synthesized by our group in 2020, in 
which all the benzene rings of [6]CPP are bridged by methylene 
units. The synthesis of [6]MCPP requires only two steps from pil-
lar[6]arene,10 which has enabled the large-scale synthesis and com-
mercialization of [6]MCPP.11 Unique properties of [6]MCPP, such 
as a small energy gap (2.66 eV) and paratropic belt current, have led 
the progress of MCPP chemistry, as demonstrated by the syntheses 
of larger MCPPs ([8]MCPP and [10]MCPP),12 a naphthalene-
based MCPP,13 and functionalized MCPPs.14 Owing to the high 
highest occupied molecular orbital (HOMO) energy (–4.40 eV), 
electron-donating methylene units, and rigid cyclic π-conjugated 
system of [6]MCPP, we anticipated that cationic species of 
[6]MCPP can be easily and stably produced under air. The 
[6]MCPP radical cation SbCl6

– salt 1 and [6]MCPP dication 
(SbF6

–)2 salt 2 were synthesized and found to be very stable as solu-
tions in CH2Cl2 and even as solids in air. Nuclear magnetic reso-
nance (NMR) analysis, ultraviolet (UV)–visible (vis)–near-infrared 
region (NIR) absorption/fluorescence measurements, X-ray crystal 
structure analysis, and electron spin resonance (ESR) measurement 
of 1 and 2 revealed several unique properties of the cationic nano-
belts.  

 
Figure 1. (a) The structures of neutral aromatic hydrocarbon nanobelts. 
Ar = p-tBuC6H4. (b) The structures of [6]MCPP radical cation SbCl6

– 
salt 1 and [6]MCPP dication (SbF6

–)2 salt 2. 

 

RESULTS AND DISCUSSION 
Syntheses of [6]MCPP cations 

Chemical oxidation of [6]MCPP with 3 equivalents of NOSbF6 
in CH2Cl2 solution, at 23 °C under an argon atmosphere, changed 
the red color of the reaction solution, derived from [6]MCPP, to a 
yellow green color. From 1H NMR, 13C NMR, and electron spray 

ionization (ESI) mass spectrometric analyses, as well as UV–vis–
NIR absorption measurements, the full conversion of [6]MCPP was 
observed and 2 was obtained in 92% yield (Scheme 1). When using 
1 equivalent of NOSbF6, the formation of 1 was indicated by the ESR 
and absorption spectra of the reaction mixture, while 2 was also pre-
sent (see Supporting Information (SI) for details). By treating 
[6]MCPP with Et3OSbCl6, a slightly weaker oxidant than NOSbF6 

(Eox; 0.87 V and 0.91 V (vs Fc/Fc+), respectively), 1 was selectively 
obtained in CH2Cl2 at –78 °C. The reaction solution was warmed to 
23 °C and exposed to air, followed by ESR analysis and absorption 
measurements to confirm the successful formation of 1. The half-life 
of 1 and 2 are determined as about 143 hours and 26 hours, respec-
tively, from the decay of the maximum absorption peak intensities in 
CH2Cl2 solution under air (see SI for details). The determined val-
ues of half-life should be longer than CPP cations, which are charac-
terized as air-sensitive in reported papers.4 
 
Scheme 1. Synthesis of 1 and 2a. 

 
aReaction conditions: (i) [6]MCPP (4.5 µmol, 2.4 mg, 1.0 equiv.), 
Et3OSbCl6 (3.6 µmol, 1.6 mg, 0.8 equiv.), CH2Cl2 (2.0 mL). (ii) 
[6]MCPP (7.6 µmol, 4.0 mg, 1.0 equiv.), NOSbF6 (23 µmol, 6.0 mg, 2.2 
equiv.), CH2Cl2 (3.0 mL). Half-life time was determined in CH2Cl2 so-
lution at 23 °C under air. 

X-ray crystal structure of [6]MCPP dication 2 

A single crystal of 2 was successfully obtained by slow evapora-
tion of a CH2Cl2 solution at –30 °C under an argon atmosphere for 
6 days. X-ray single-crystal structural analysis revealed the crystal 
structure of 2 (Figure 2a) and its packing structure, where the 
[6]MCPP2+ scaffold is aligned in columns with two sandwiched 
SbF6

– anions and CH2Cl2 molecules (Figure 2b).14 The diameter of 
the [6]MCPP2+ scaffold is estimated as 7.675 Å, which is 0.083 Å 
shorter than that of neutral [6]MCPP (Table 1). Considering the 
carbon–carbon bonds, the difference between 2 and [6]MCPP 
strongly indicates that the [6]MCPP2+ scaffold has a quinoidal char-
acter. The harmonic oscillator model of aromaticity (HOMA) val-
ues for the 6-membered rings are estimated using the crystal struc-
tures of [6]MCPP and 2, and density functional theory (DFT) cal-
culations at the B3LYP/6-31G(d) level of theory (see SI for details). 
The average HOMA value is 0.702 for [6]MCPP2+ scaffold in con-
trast to 0.955 for [6]MCPP, supporting the increased quinoidal 
character of 2. This difference was also observed in the case of cati-
onic CPPs, which explains the effective delocalization of the positive 
charge across the entire [6]MCPP2+ scaffold.  
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Figure 2. X-ray crystal structure of 2. (a) Oak Ridge Thermal Ellipsoid 
Plot (ORTEP) drawing of 2 with 50% thermal probability. (b) Packing 
structure viewed along the a-axis. 

Table 1. Structure index of 2 and comparison with [6]MCPP. 

 

 

Photophysical properties of [6]MCPP cations 

The UV–vis–NIR absorption and fluorescence spectra of 1 and 
2, in CH2Cl2 solutions, are recorded and compared with those of 
[6]MCPP (Figure 3a). For 1, four absorption peaks are observed at 
415, 870, 1037, and 1054 nm. The absorption band in the NIR re-
gion clearly indicates the radical cationic character of 1, which un-
dergoes transitions with a singly occupied molecular orbital 
(SOMO). Using DFT calculations, the frontier molecular orbitals of 
1 and 2 were depicted to reveal that the SOMO of 1 is distributed 
exactly the same way as the HOMO of [6]MCPP, and the other 

frontier molecular orbitals of 1 are shifted by one (see Figure 3b and 
SI). Similarly, the LUMO of 2 has the same orbital distribution as 
that of the HOMO of [6]MCPP, whereas the other orbitals are 
shifted by one. The absorption bands of 1, with peaks at approxi-
mately 415 nm and 1040 nm can be attributed to HOMO/HOMO–
1 to LUMO and HOMO/HOMO–1 to SOMO transitions, respec-
tively, as estimated by time-dependent DFT (TDDFT) calculation 
at the UB3LYP/6-31G(d) level of theory. Fluorescence of the 
CH2Cl2 solution of 1 was not observed. 

The absorption bands of the CH2Cl2 solution of 2 are observed 
with peaks at 453 and 745 nm. The positions of the peaks corre-
spond well with the HOMO/HOMO–1®LUMO+1 (415 nm) and 
HOMO/HOMO–1®LUMO (701 nm) transitions calculated us-
ing TDDFT. Notably, the absorption band with a peak around 745 
nm is very sharp with a full width at half maximum (FWHM) of 14.5 
nm. The fluorescence spectrum of 2 was observed, whereas neutral 
[6]MCPP exhibited negligible fluorescence due to forbidden transi-
tions. The FWHM of the fluorescence band of 2 is also small (20 
nm), comparable to that of quantum dots or dyes with heteroa-
toms.15 The fluorescence quantum yield (ΦF) of 2 is determined to 
be 0.23. Considering that the Stokes shift is only 5 nm and self-ab-
sorption is not negligible, the value of ΦF is siginificant. Compared 
to [6]CPP2+·(SbF6

–)2 CH2Cl2 solution, 2 has over 10 times larger ΦF 
(0.23 vs. 0.018).4f The oscillator strengths (f) for fluorescence of 2 
and [6]CPP2+·(SbF6

–)2 were estimated to be 0.22 and 0.20, respec-
tively, from TDDFT calculation based on the optimized structures 
of S1 states for [6]MCPP2+ and [6]CPP2+ (see SI for details). Be-
cause ΦF is defined as kf/(kf + knd + kISC), where kf is fluorescence rate, 
knd is nonradiative deactivation rate, kISC is intersystem crossing rate, 
and kISC is negligible for [6]MCPP2+ and [6]CPP2+, the difference in 
ΦF may be due to knd. Nonradiative deactivation, particularly thermal 
deactivation, is expected be small in the [6]MCPP2+ scaffold com-
pared to [6]CPP2+ by virtue of the rigid structure resulting from the 
methylene bridges. These results clearly show that methylene-bridg-
ing modulates the spectroscopic properties of the parent [6]CPP di-
cation structure, enabling fluorescense, which is a remarkable struc-
tural effect of methylene-bridging firstly revealed by this work. 
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Figure 3. (a) UV–vis–NIR absorption (solid line) and fluorescence (dashed line) spectra of CH2Cl2 solutions of [6]MCPP, 1, and 2. Fluorescence 
spectrum of 2 was recorded upon excitation at 450 nm. (b) Frontier molecular orbitals of [6]MCPP and transitions estimated by TDDFT calculation.  

NMR analysis of [6]MCPP dication 

In our previous work, the paratropic belt current of MCPP, 
which changes depending on the ring size, was first unveiled.11 The 
chemical shifts of the methylene hydrogen atoms in 1H NMR spectra 
indicate the existence of a paratropic belt current that decreases with 
increasing ring size of [n]MCPP (n = 6, 8, and 10), which is also sup-
ported by a theoretical study of the magnetically induced current 
density. To investigate the belt-current effect in the [6]MCPP2+ 
scaffold, the 1H NMR spectrum of 2 in CD2Cl2 was recorded (Figure 
4). As observed for neutral [6]MCPP, 2 also exhibited three types of 
signals: a singlet signal at 4.18 ppm, two doublet signals at 3.61 ppm 
and –0.34 ppm. This suggests a D3d symmetry for 2 in CH2Cl2 solu-
tion, indicating a delocalized positive charge on the entire 
[6]MCPP2+ scaffold. The observed chemical shifts of the signals 
were further supported by simulations using gauge-inducing atomic 
orbitals (GIAO) calculations at the B3LYP/6-311+G(2d,p) level 
(see SI for details). The singlet signal of 4.18 ppm is assigned to the 
hydrogen atoms on benzene rings (highlighted as green color in Fig-
ure 4). The doublet signal of 3.61 ppm is assigned to the methylene 
hydrogen atoms facing outside of nanobelt (Hout, highlighted as red 
color) and the doublet signal of –0.34 ppm is from those facing in-
side of nanobelt (Hin, highlighted as blue color).  

 

Figure 4. 1 H NMR spectra of (a) [6]MCPP and (b) 2 at 600 MHz. 
TMS: tetramethylsilane. 

 
NMR theoretical study 

The extraordinary upfield shift of the 1H NMR signals of 2 can 
only be attributed to a drastic change in the current regime induced 
by the magnetic field of the spectrometer. As we will show in the fol-
lowing, the paratropic belt current that characterizes the magnetic 
response of [6]MCPP disappears in the dication, giving way to an 
intense diatropic belt current that causes a large anisotropic effect on 
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the 1H NMR signals. The deshielding effect is particularly pro-
nounced for Hin, whose d moves up-field by 4.41 ppm. The aromatic 
hydrogen atoms undergo a similar shift equal to 3.67 ppm, while Hout 

moves only 0.62 ppm for their external disposition.   
Magnetically-induced electron current density and aryl–aryl 

bond current strength of 2 have been calculated assuming the com-
bination B97-2/6-311+G(2d,p) of density functional and basis set, 

using the SYSMOIC program package as in previous studies.17a The 
wave functions for the calculation have been obtained using the G16 
program package,17b including, in this case of a charged molecule, the 
solvent (CH2Cl2) effect by means of the CPCM method.17c 

We find that the dominant contribution to the delocalized elec-
tron current density is given by the HOMO. This contribution is 
shown in Figure 5. To facilitate the comparison with [6]MCPP, two 
values of the filter that cuts the low magnitude current have been 
adopted. The Figure 5 top is identical to that used for depiction of 
the belt current in [6]MCPP, i.e., 0.015 a.u.. The Figure 5 bottom 
has been set to 0.04 a.u. to clearly show the current and how its flow 
bifurcates and gathers around the six-membered rings of the nano-
belts.  

First, we observe the opposite direction of circulation of the cur-
rent compared to that of the neutral species, i.e., diatropic instead of 
paratropic; second, the magnitude of the current is much larger. To 
obtain a quantitative estimate, bond current strengths17d have been 
calculated, integrating the current crossing a 5´5 a.u. square perpen-
dicular to one aryl–aryl bond in its middle (shown in red in Figure 
5) for the three instances: only HOMO, all-but-HOMO, all-MOs. 
Values are reported in Table 2 as a percentage of the benzene ring 
current strength (IBEN) calculated using the same method, i.e., I/| 
IBEN | × 100, with IBEN=12 nA/T. Customarily, the sign of the IBEN 
is taken as negative, so that paratropic/diatropic current strengths 
are identified by a positive/negative sign.17e  
 

 

 
Figure 5. HOMO contribution to the electron current density in-
duced in 2 by a magnetic field parallel to the main symmetry axis 
(blue arrow). Top/bottom current lower than 0.015/0.04 a.u. are not 
shown. Maximum current is 0.34 a.u.. Red square delimits the inte-
gration region for the calculation of aryl–aryl bond current strength. 

 
Table 2. Belt signed current strength (aryl–aryl) in percentage of the 
benzene bond current strength calculated using same method. 

Molecule HOMO All-but-HOMO All-MOs 
2 –241 –1 –242 

[6]MCPP +138 –63 +75 

 
As it can be seen, the delocalized diatropic belt current of 2 is 

almost entirely due to the HOMO. Two contributions were instead 
found for [6]MCPP, one dominant paratropic and another less in-
tense diatropic. All that can be very easily understood by considering 
the symmetries of the frontier molecular orbitals shown in Figure 3.  

According to the few electrons model by Steiner and Fowler,17f,g 
an occupied-to-unoccupied virtual transition gives a paratropic con-
tribution if the product of symmetries contains a match to a rotation, 
and a diatropic contribution if it contains a match to a translation. 
For [6]MCPP the HOMO®LUMO transition ( 𝑎"#⨂	𝑎$# =
𝑎"# ) gives the already well-known paratropic belt current whose 
strength is 138% of |IBEN|, while the HOMO-1®LUMO transition 
(𝑒%⨂	𝑎$# = 𝑒% ) makes a contribution that accounts almost en-
tirely for the diatropic contribution of –63% of |IBEN|. The smaller 
HOMO-LUMO gap is consistent with the bigger paratropic contri-
bution. Now, as already observed above, the HOMO of [6]MCPP 
becomes the LUMO of 2. Thus, two transitions originate from the 
HOMO of the dication ( 𝑒%⨂	𝑎"# = 𝑒%  and 𝑒%⨂	𝑎$# = 𝑒% ) 
which give the large diatropic belt current shown in Figure 5, whose 
strength is estimated to be -242% of |IBEN|. 
 

Further study toward a stable MCPP dication 
The interesting properties of 1 and 2 described above are un-

veiled owing to their high stability as both solution and solid under 
air. In order to discuss the extraordinarily high stability of 2, the 
chemical oxidation of hexamethyl[6]MCPP, which is a known mol-
ecule reported in 2021,14a has been tried in a same manner as the syn-
thesis of 2. The dicationic species of hexamethyl[6]MCPP 3 has 
been obtained successfully to investigate its half-life time in CH2Cl2 
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solution under air. As a result, it was found that 3 has a much longer 
half-life time than 2, which is estimated to be about 2640 hours (110 
days). Although discussion for high stability was difficult because 
neither 13C NMR analysis nor X-ray diffraction analysis was success-
ful, kinetic protection, electron-donating effect and hyperconjuga-
tion effect of methyl groups likely improve the stability of [6]MCPP 
dication. 
 
Scheme 2. Chemical oxidation of hexamethyl[6]MCPP. 

 
aReaction conditions: hexamethyl[6]MCPP (7.6 µmol, 4.6 mg, 1.0 
equiv.), NOSbF6 (23 µmol, 6.0 mg, 3.0 equiv.), CH2Cl2 (3.0 mL). Half-
life time was elucidated in CH2Cl2 solution at 23 °C under air. 

 

CONCLUSION 

In conclusion, we have synthesized [6]MCPP radical cationic 
salt 1 and [6]MCPP dicationic salt 2 from [6]MCPP. The appropri-
ate choice of chemical oxidants has led the successful synthesis of the 
[6]MCPP cationic species. The half-life times of the cationic species 
are longer than those of CPP cationic species, possibly owing to the 
methylene-bridged structures which fix the quinoidal CPP structure 
to a belt form. As important properties of [6]MCPP cations, we 
found that the crystal structure of 2 has an obvious quinoidal char-
acter and a smaller diameter in contrast to neutral [6]MCPP. The 
UV–vis–NIR absorption and fluorescence spectra of 2 have small 
FWHM in long wavelength close to NIR, which indicates the possi-
bility of 2 to be used as a unique photo material. The drastic change 
in the fluorescence quantum yields of 2 (ΦF = 0.23) and neutral 
[6]MCPP (ΦF ~ 0) means that turning the fluorescence on and off 
is possible by using oxidation of [6]MCPP. Notably, experimental 
and theoretical 1H NMR studies of 2 uncovered its interesting mag-
netic property: a diatropic belt current. The belt current of 2 is much 
stronger than that of [6]MCPP, which is reasonable from allowed 
transition in frontier molecular orbitals of 2. In order to create highly 
stable MCPP dications, hexamethyl[6]MCPP has been oxidized 
similarly. The thus-obtained dication 3 was extraordinarily stable to 
strongly indicate the hyperconjugation effect, electron-donating ef-
fect and kinetic protection by the methyl groups in 3. The com-
pounds synthesized in this study are the first radical and cationic 
nanobelts so far. Their striking properties would give new insights 
into the chemistry of π-conjugated molecules and materials science. 
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