J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Synthesis and Characterization of [n]JCPP (n = 5, 6, 8, 10, and 12)
Radical Cation and Dications: Size-Dependent Absorption, Spin, and

Charge Delocalization

Eiichi Kayahara,'l"§ Takahiko Kouyama,# Tatsuhisa Kato,”* and Shigeru Yelmago*’-;"§

"Institute for Chemical Research, Kyoto University, Uji 611-0011, Japan

SCore Research for Evolutional Science and Technology (CREST), Japan Science and Technology Agency, Tokyo 102-0076, Japan
#Graduate School of Human and Environmental Sciences, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan

*Institute for Liberal Arts and Sciences, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan

© Supporting Information

ABSTRACT: Radical cations and dications of [n]cyclo-p-
phenylenes ([n]CPPs, n = S, 6, 10, and 12), which are the
models of those of linear oligo-p-phenylenes without a
terminus, were synthesized as hexafluoroantimonate salts by
the one- and two-electron chemical oxidation of CPP by
NOSbF, or SbF.. The radical cations, [n]CPP**, and dications,
[n]CPP?*, exhibited remarkable bathochromic shifts in their
UV—vis—NIR absorption bands, suggesting that [n]CPP** and

712 (SbFg )

[n]Cyclo-p-phenylene
([nICPP)

larger [n]CPP** exhibit longer polyene character than the shorter analogues. The larger bathochromic shift was consistent with
the narrower HOMO—SOMO and HOMO—LUMO gaps in larger [n]CPP** and [1n]CPP*, respectively. In [n]CPP**, the spins
and charges were equally and fully delocalized over the p-phenylene rings of the CPPs, as noted by ESR. 'H NMR revealed that
the hydrogen of [n]CPP*" shifted to a high magnetic field from the neutral compounds due to the diamagnetic ring current
derived from the in-plane aromaticity of [n]CPP**. The single resonances observed in all [n] CPP** strongly suggest the complete
delocalization of the charges over the CPPs. Furthermore, the contribution of biradical character was clarified for [10]- and

[12]CPP by VT-NMR experiment and theoretical calculation.

B INTRODUCTION

Radical cations and dications of z-conjugated oligomers and
polymers play a decisive role in charge transfer and migration in
organic electronic devices, such as organic light-emitting diodes,
organic semiconductors, organic photovoltaics, and molecular
electronic wires.'™” Their structure and the delocalization or
localization of charge and spin have garnered considerable
attention in regard to the mechanism of charge transport. While
significant progress has been made in isolating and character-
izing m-radical cations and dications of oligomers with well-
defined structures to address these issues,'"" " the majority of
the products has been heteroatom-stabilized compounds, and
the spin and charge (de)localization was perturbed by the
heteroatoms. The only exception was the radical cation of
oligo-p-phenylenes reported by Rathore and co-workers.'®"”
However, while the positive charge was somewhat delocalized
over all phenylene moieties, as judged by absorption, it was
more localized in the middle of the oligomers, even in the
quaterphenyl compound. While the results were rationalized by
the existence of a terminal structure, conclusive evidence was
not provided.

Recently, cyclo-p-phenylenes (CPPs, Chart la), which
belong to a new class of conjugated oligomers that constitute
the cyclic version of oligo-p-phenylenes without a terminus,
have garnered considerable attention.'®™>* As a result of recent
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Chart 1. Structure of (a) [n]CPP, (b) [n]CPP Radical
Cation, and (c) [#]CPP Dication
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advances in synthetic studies of CPPs>>~* and their

analogues,”™® various unique physical 2properties of CPPs,
such as size-dependent redox****>**~7* and photophysical
progle_rgisesnf80 and size-complementary host—guest chemis-
try, have been revealed. Notably, redox properties are
closely associated with charge delocalization in 7-conjugated
oligomers and polymers. For example, we recently reported
that [5]-[13]CPPs undergo reversible oxidation reactions, as
revealed by electrochemical analyses.“’“"45 Furthermore, we
recently reported that [8]CPP**SbF,~ (Chart 1b) and the
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dication [8]CPP**(SbF¢™), (Chart 1c) could be prepared by
the chemical oxidation of [8]CPP and isolated in pure
form.®®”" All spectroscopic analyses and theoretical studies
revealed that, in sharp contrast to the results of Rathore, "7
the spin and charge were fully delocalized over all eight p-
phenylene units. The results posed a new question regarding
the delocalization of spin and charge in CPPs: Over how many
p-phenylene units can the charge and spin be localized?

Here, we report the selective synthesis and characterization
of [n]CPP (n =S, 6, 10, 12) radical cations and dications by the
chemical oxidation of [n]CPPs. The absorption spectra of the
compounds were highly sensitive to ring size, and larger CPP
radical cations and dications exhibited absorptions at longer
wavelengths, suggesting the existence of longer conjugation. In
addition, the spin and charge were completely delocalized over
all p-phenylene units in all CPP radical cations and dications, as
assessed by electron spin resonance (ESR) and '"H NMR, while
the contribution of diradical character is also suggested for the
larger CPPs by 'H NMR. The radical cation and dication of
[12]CPP possess the longest conjugation and delocalization
among those of 7-conjugated oligomers so far reported, and the
results clearly suggest that the spin and charge can be
delocalized more than 12 p-phenylene units in oligo- and

poly-p-phenylenes.

B RESULTS AND DISCUSSION

Synthesis and Isolation of [n]CPP Radical Cations and
Dications. The chemical oxidation of [#n]CPPs (n = S, 6, 10,
and 12) was carried out (Scheme 1) using a procedure similar

Scheme 1. Synthesis of [n]CPP Radical Cations and
Dications

a) NOSbFg
(1.0 equiv) [nICPP™ SbFg
CH,Cl,
[n]CPP i n,05h
(n=8,10,12)
SbFs (1[1[1)]CPF_' )
(6.0 equiv) 24 _ .0 equiv] - _
Chcl, | ICPPTSORe): gy, MICPPT SbFe
n,0.5h rt, 5 min
b)
NOSbFg (1[g]CPF§ )
[nICPP (3.0-5.0 equiv) ™ .0 equiv; - _
————"> [n]CPP"* SbF
(n=5,6) CHoCl [CPPE(SbFe ) — ey, [ 6
nt,05h rt, 5 min

to that used for the synthesis of [8]CPP radical cation and
dications,®® where nitrosonium hexafluoroantimonate
(NOSbF) was used as an oxidant.*® [10]- and [12]CPPs
were selectively converted to the corresponding the radical
cations by employing 1.0 equiv of NOSbF, in CH,Cl, at room
temperature; the radical cation salts, [10]- and [12]CPP**-
SbF¢~, were isolated as purple and black-green solids in 61 and
78% vyield, respectively (Scheme 1a). However, NOSbF could
not fully convert the CPPs to the corresponding dications even
when an excess was used. This was probably because the
HOMO energies of [10]- and [12]CPP are lower than that of
[8]CPP;42 thus, larger CPPs are more resistant to oxidation
than [8]CPP. SbF;, which is a more powerful oxidizing agent
than NOSDF,, was effective and gave the corresponding
dications, [10]- and [12]CPP**(SbF™), in 80 and 87% yield
as green and black solids, respectively. The reaction of the
dications and corresponding neutral CPPs led to the
quantitative formation of the radical cations.
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The oxidation of [S]CPP with 1.0 equiv of NOSbF, in
CH,Cl, at room temperature, on the other hand, resulted in a
mixture of the radical cation and dication in a 1:4 ratio, as
judged by UV-—vis spectroscopy. However, the dication,
[S]CPP**(SbF¢™),, formed selectively and was isolated in
92% vyield as a green solid upon treatment of [S]CPP with
excess (3.0 equiv) of NOSbF4 (Scheme 1b). Furthermore, the
reaction between the dication and neutral [S]CPP (1.0 equiv)
gave the radical cation, [S]CPP**SbF,~, as a brown solid in
74% vyield.

The dication of [6]CPP, [6]CPP**(SbF,"),, was also isolated
in a high yield as a reddish purple solid upon oxidation with
excess NOSbF,. Furthermore, the radical cation, [6]CPP**-
SbE4~, was also prepared in high yield as a black green solid
upon reaction of the dication and neutral [6]CPP, even though
the selective single-electron oxidation of neutral [6]CPP by
NOSbF, was not successful.

The stability of the radical cations depended on the size of
CPPs, while that of the dication was insensitive to the size. For
the radical cations, [S] and [6]CPP°**SbF, as well as
[8]CPP**SbF, were stable under nitrogen and were stored at
—30 °C for more than 3 months, while they decomposed
within 12 h at room temperature when exposed to air. On the
contrary, [10]- and [12]CPP radical cations easily disproportio-
nated to the corresponding dication and neutral CPP within 2 h
at room temperature. The origin of the instability is unclear at
this moment and needs further studies to clarify this point. On
the other hand, all dications were remarkably stable under
nitrogen and no apparent decomposition was observed at —30
°C even after 6 months; the stability is consistent with the
existence of in-plane aromaticity in the CPP dications.
Nevertheless, they decomposed within 1 day at room
temperature upon exposure to air.

UV-Vis—Near-Infrared (NIR) Spectra of [n]CPP Radical
Cation and Dication. UV—vis—NIR spectra of the radical
cations and dications were measured in CH,Cl, (Figure 1), and
the absorption maxima (A,,,,) are summarized in Table 1. All
CPP radical cations and dications exhibited a large bath-
ochromic shift in the maximum absorption relative to those of
the neutral CPPs. For example, a solution of [S]CPP**SbF,~
showed a characteristic broad absorption band that extended to
the NIR region (A, = 876 nm) together with several broad
absorption bands in the visible region, whereas neutral [S]CPP
exhibited intense absorption bands at A, = 350 nm. Two
distinct absorptions bands at A, = 654 nm and 4, = 428 nm
were observed for the dication, [S]CPP**(SbF¢),.

Significant size dependence was observed for the radical
cations and dications; larger CPPs absorbed at longer
wavelengths. For example, the A . of the [6]-, [8]-, and
[10]CPP radical cations shifted from 340 nm of the neutral
compounds to 1136, 1770, and 2110 nm, respectively.
Furthermore, the A, exceeded 2700 nm for [12]CPP. For
the dications, the A, of the low-energy absorption of [5]-,
[6]-, [8]-, [10]-, and [12]CPPs shifted to 654, 792, 1102, 1568,
and 2109 nm, respectively, and the A, of the high-energy
absorption increased from 428 to 600 nm for [5]- to [12]CPPs.

The transition energies (E = hc/A,,,) of the NIR bands for
the radical cations and the lowest-energy absorption for the
dications were plotted against the reciprocal number of p-
phenylene units (1/n) (Figure 2). In both cases, excellent linear
correlations were observed, which strongly suggest the effective
m-conjugation over the p-phenylene units in all cases.
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Figure 1. UV—vis—NIR spectra of (a) [n]CPP**SbF,~ and (b)
[n]CPP*(SbF4 ™), in CH,Cl, (1 X 107* mol L™!) at 25 °C.

The absorption bands of the radical cations and dications
were characterized using time-dependent density functional
theory (TD-DFT) calculations at the (U)B3LYP/6-31G(d)
level of theory (Table 1). For all radical cations, broad
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Table 1. Photophysical Properties of [n]CPP** SbF¢- and
[n]CPP** (SbFy-),

Amax (nm), [exptl (caled”)]

n [n]CPP [n]CPP**(SbF4") [n]CPP**(SbF,™),
5 338 (340) 876 (758) 654, 428 (603, 382)
6 341 (340) 1136 (976) 792, 464 (705, 40S)
8 344 (340) 1770 (1413) 1102, 528 (923, 429)
10 343 (340) 2110 (1843) 1568, 549 (1156, 430)
12 344 (352) >2700 (2268) 2109, 600 (1607, 430)

“Obtained by TD-DFT calculations at the (U)B3LYP/6-31G* level of
theory.

22
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008 010 012 014 016 0.18 0.20
1/n

Figure 2. Plots of transition energies against reciprocal number (1/n)
of [n]CPPs for the radical cations (red) and dications (blue). Filled
and open squares represent the experimental and theoretical data,
respectively.

absorptions in the NIR region were assigned as the transition
from the nearly degenerate HOMOs to the SOMO. For the
dications, low- and high-energy absorption bands were assigned
to the transition from the nearly degenerate HOMOs to the
LUMO and the degenerate HOMOs to the LUMO+1. The
assignments were consistent with our previous works.*®7%7!
The calculated A, shifted bathochromically as the ring size
increased. The plot of the transition energy obtained from the
calculated A, , values against 1/n showed good linear
correlations (Figure 2). The results were almost identical to
the experimental results but in good contrast to the UV
absorption maximum of neutral CPPs, which is insensitive to
ring size (see below).

To gain insights into the size dependence of the transition
energies of the radical cations and the dications, molecular
orbital (MO) analysis was carried out. The most stable isomer
was used for the analysis (Table S2), while several rotational
isomers with close energy were located. Similar to neutral
CPPs, the most stable isomer of the radical cation and dication
for a CPP having even p-phenylene units possess an alternating
zigzag orientation of p-phenylene units with nearly Dy, ,); point
group symmetry, and that of an odd CPP have C, point group
symmetry having a helical arrangement of the PP units.

As previously reported,”” the HOMO and LUMO energies
of neutral CPPs become higher and lower as the decrease of
ring size because of the strain-induced increase of the quinoidal
contribution (Figure 3a). However, the HOMO/LUMO
transition is forbidden, and the maximum absorption of all
neutral CPPs corresponds to the sum of the nearly degenerated
HOMO-2 and HOMO-1 to LUMO, and the HOMO to the
nearly degenerated LUMO+1 and LUMO+2 transitions.

DOI: 10.1021/jacs.5b10855
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Figure 3. Orbital energies for a) [n]CPP, b) [n]CPP*, and c)
[n]CPP** obtained from DFT calculations at the (U)B3LYP/6-
31G(d) level of theory.

Because their orbital energy gaps are insensitive to size, the
maximum absorption of neutral CPPs is insensitive to the size.

For the radical cations, the energies of HOMO, SOMO,
LUMO, and LUMO+1 increased as the ring size increased
(Figure 3b). Notably, the HOMO and LUMO energies were
more sensitive to ring size than the SOMO energies. As a result,
the SOMO/HOMO gaps became smaller in larger CPP radical
cations, which lead to larger bathochromic shifts in the NIR
absorption bands. As previously reported,”’ the HOMO,
SOMO, LUMOs, and LUMO+1 of the radial cations were
derived from HOMO—-1, HOMO, LUMOs, and LUMO+1 of
neutral CPPs, respectively. Thus, the observed size-dependence
of the NIR absorption bands of the radical cations was reflected
by the size-dependence of the HOMO—1/HOMO gaps of the
neutral CPPs. The SOMO energy increases as increasing the
size, and the size-dependence is different from the HOMO of
neutral CPPs, but the difference would be due to increase of the
in-plane conjugation in the radical cations so that the larger
radical cations have longer conjugation length.

Similar discussion could be applied to the dications, and the
LUMO and HOMO of the dications are derived from the
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SOMO and HOMO of the radical cation and HOMO and
HOMO-1 of neutral CPPs, respectively. The energies of the
degenerated HOMO, LUMO, LUMO+1, and LUMO+2
increased as the ring size increased (Figure 3c); the increase
in the HOMO and LUMO+1 energies was larger than that of
the other orbital energies. Thus, in large CPP dications, the
HOMO/LUMO gap became narrower, and a larger bath-
ochromic shift in the absorption bands occurred.

ESR Spectra. All CPP radical cations were ESR active and
'"H NMR silent, which was consistent with the formation of
paramagnetic species. The ESR spectra of CPP** in CH,Cl,
solution (1.0 X 1073 mol L™') at 25 °C, as shown as a red line
in Figure 4, showed an equally split multiplet in all cases,

@) -
[6]CPP*SbF,

D) -
[6]CPP*SbF,

c) . ~
[8]CPP "SbFg

) ——
[10]CPP"*SbF,

e)
[12]CPP*SbF,

328.0 3285

Magnetic Field/mT

3275

Figure 4. ESR spectra of [n]CPP**SbF,~ in CH,Cl, (1 X 10~ mol
L™") at 25 °C. Red and blue lines represent observed and simulated
spectra, respectively.

suggesting that the spin was equally delocalized over all p-
phenylene units in all cases. The simulated spectra (blue line in
Figure 4) assuming that all hydrogen atoms are chemically
equivalent could be superimposed with the observed spectra in
all cases, clearly suggesting that the spin was completely
delocalized over all p-phenylene units in the radical cations.
The 'H hyperfine coupling constants (hfcc’s) of [S]-, [6]-, [8]-,
[10]-, and [12]CPP radical cations were 0.046, 0.0429, 0.0343,
0.0293, and 0.0249 mT, respectively. Furthermore, when the
'"H hfcc was plotted against the reciprocal number of p-
phenylene units (1/n), a good linear correlation (R* = 0.98)
was observed, and the result is consistent with the fully
delocalization of the spin. The relationship could also be
reproduced from the 'H hfcc obtained by DFT calculations
(Figure S). The g values of [S]-, [6]-, [8]-, [10]-, and [12]CPP
radical cations were found to be 2.0043, 2.0037, 2.0033, 2.0031,
and 2.0030, respectively. All cation radicals exhibited values
bigger than that of the free electron (2.0023). This positive g
shift indicated that [n]CPP** had a low-lying excited state
characterized by a hole-promoted configuration. The different
deviations from g = 2.0023 were due to the position of the low-
lying excited state.”’ =
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Figure 5. Correlation between 'H hyperfine coupling constants and
reciprocal number of repeating p-phenylene units (1/n) of [n]CPP**-
SbF4™. Red and black colors represent experimental and theoretical
data, respectively.

Calculations of charge and spin density on [#n]CPP** (n = 5—
12) provided further evidence for the spin delocalization. The
Mulliken analysis of all radical cations clearly demonstrated that
the spin and positive charge were fully delocalized over all
phenylene units (Table S6, Figure S17). In each phenylene
unit, the computed Mulliken atomic charges (and spin
densities) on the ipso carbon atoms were about +0.10 (and
0.07—0.03), whereas those on the ortho carbon atoms were
about —0.17 (0.014—0.006). For [n]CPP*, the charges on the
ipso and ortho carbon atoms were about +0.105 and —0.15 to
—0.17, respectively. Thus, the spin density of the ipso carbon
was higher than that of the ortho carbon, while the charge was
more equally distributed between the ipso and ortho carbon
atoms. Furthermore, the spin density and charge of the ortho
carbon atoms were slightly different, but they could be averaged
on the ESR time scale.

NMR Study of Dications. All dications showed well-
resolved peaks in the '"H NMR spectra in CD,Cl, at room
temperature (Figure 6 and Table 2). For [10]- and [12]CPP
dications, peak intensity was weaker than that of smaller
dications and the peak broadening was observed. This
observation should suggest the contribution of biradical species
(see below). Despite its contribution, singlet signals observed
for all CPP dications indicated the highly symmetrical structure
of the dications on the NMR time scale. Furthermore, the
signals appeared in the range of 4.5—5.5 ppm, which was
upfield shifted as compared to those of neutral CPPs, which are
worth mentioning because protons attached to an electron
deficient carbon usually resonate at lower magnetic fields. The
upfield shifts could be ascribed to the existence of strong
magnetic desealing effects, owing to the in-plane aromaticity of
the dications.”" Furthermore, the chemical shift depended on
the size of the ring and shifted upfield with increasing ring size,
reaching 4.57 ppm for [12]JCPP**. All these results are
consistent with the delocalization of the cationic charges to
all parapenylene units.

Gauge-independent atomic orbital (GIAO) calculations
suggest that the protons directing to inside and outside of
the center of a CPP ring, which are derive from the zigzag
conformation of p-phenylene units, were magnetically non-
equivalent (Table S2), and the inside protons were shifted
upfield in all dications due to the in-plane aromaticity. No clear
size dependence was observed for the nonequivalent GIAO
values among [S]- to [12]CPP dications, and further studies are
needed to clarify this point.
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a) [51CPP** (SbFy ), @25 °C
b) ’,\ [61CPP** (SbFy ), @25 °C
c) [8ICPP™* (SbF,), @25°C
d) [10]CPP** (SbF, ), @25°C
Jo b
e) il [12]CPP™* (SbF ), @25 °C
58 56 54 52 50 48 46 44 42

ppm

Figure 6. "H NMR spectra of [n]CPP**(SbF,"), in CD,Cl, at 25 °C.
The peak of CH,Cl, is marked.

Table 2. Summary of '"H NMR Data and Average NICS
Values (ppm) for [n]CPP Dications

2+

Inside :

» Outside

'H NMR (ppm) NICS(1) (ppm)

n  exptl” (average)b (inside, outside)” inside, outside”*
S 5.53 4.94 4.90, 4.98 —28.6, —6.1
6 530 456 453, 4.58 ~29.6, —5.5
7 4.39 3.21, 5.55 —-29.3, =5.0
8 5.24 4.42 2.61, 6.25 —28.6, —4.7
9 4.54 2.17, 691 —25.7, —4.1
10 4.72 4.74 242, 7.08 —26.0, —4.4
11 489 1.79, 7.98 —24.8, —4.4
12 457 5.07 2.63,7.53 2239, —44

“Measured in CD,Cl, at 25 °C. “Determined using GIAO calculations
of the geometry-optimized structures obtained at the B3LYP/6-31G*
level of theory. “Averaged value.

The calculated nucleus-independent chemical shift (NICS)
(1) values are negative for both the inside and outside of the
hoop and the inside is more negative than the outside.
Furthermore, the values became less negative with an increase
in the number of p-phenylene units. In other words, larger
dications had stronger polyene characteristics due to the
stronger in-plane aromaticity. These results were consistent
with the size dependence of the '"H NMR chemical shift and
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that of the UV—vis—NIR spectra, which showed a larger
bathochromic shift in the absorption derived from the
HOMO-LUMO transition in larger CPP dications. As a
result, the larger dications could more efficiently expand their
conjugation networks.

Finally, variable-temperature NMR spectroscopy was carried
out to obtain the direct experimental evidence of biradical
character in larger CPP dications. In the spectra of [10]CPP
dication in CD,Cl,, the signal intensities increased by cooling
from 25 °C to —15 °C, while further cooling did not cause any
change (Figure S19). In contrast, the signal broadening
occurred at high temperature, and the signal completely
disappeared at 65 °C. The change of signal intensity was
completely reversible both for low and high temperature. The
same temperature dependence of peak intensity was observed
for [12]CPP dication. On the contrary, [8]CPP dication did
not show the change of peak intensity even heating at 80 °C. In
addition, ESR spectra of [10]- and [12]CPP dications at 25 °C
showed the signals with an equally split multiplet (Figure $22).
These observations suggest the contribution of thermally
excited triplet biradical species for larger CPP dication. The
contribution of biradical at 25 °C was determined to be 37 and
72% for [10]- and [12]CPP dications, respectively, from the
integration of NMR spectra (Figures S19—21).

Calculations provided further evidence for biradical character
in larger CPP dications. Structure optimization of [10]CPP**
under unrestricted DFT method resulted in a structure having
nearly C, point group symmetry as the most stable isomers
(Table S2). In this structure, the spin density is not equally
delocalized over all phenylene units but is largely localized at
either end of a CPP ring (Figure S18, Table S10). Same spin
localization was also made for [9]-, [11]-, and [12]CPP
dications but not for smaller CPPs than [8]CPP. The results
are consistent with the experimental observation.

B SUMMARY

The radical cations and dications of [#]CPPs (n = S, 6, 10, 12)
were isolated by the one- and two-electron chemical oxidation
of [n]CPP with NOSbFs or SbF.. Both oxidized species
showed a remarkable bathochromic shift in the absorption
bands relative to those of the neutral [n]CPPs, and the size-
dependence suggested more effective conjugation of the in-
plane 7-system in larger oxidized species. The spin and charges
in the oxidized species were fully delocalized over the entire p-
phenylene rings in the time scale of ESR and NMR
measurement. These results also suggest efficient conjugation
of the 7-system in larger CPP dications, which was consistent
with the UV—vis—NIR spectra. Furthermore, contribution of
biradical character in the dications was clarified for the first
time. These findings will aid in the understanding of charge and
spin in doped conjugated oligomers and polymers, and in the
design of z-electron materials for molecular electronics.
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