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Abstract: Many optoelectronic organic materials are based on
donor–acceptor (D–A) systems with heteroatom-containing
electron donors. Herein, we introduce a new molecular design
for all-carbon curved oligoparaphenylenes as donors, which
results in the generation of unique shape-persistent D–A
macrocycles. Two types of acceptor-inserted cycloparapheny-
lenes were synthesized. These macrocycles display positive
solvatofluorochromic properties owing to their D–A character-
istics, which were confirmed by theoretical and electrochemical
studies.

Donor–acceptor (D–A) systems have been extensively
investigated and applied in various ways, such as in artificial
photosynthesis,[1] organic solar cells,[2] and fluorescent
probes.[3] In most D–A systems, electron-rich heterocycles
or aromatic rings bearing alkylamino, arylamino, or alkoxy
groups are employed as the donor moiety (Figure 1a). The
use of heteroatom-containing donors is thus common practice
in d^a-based organic materials. While unsubstituted all-
carbon oligophenylenes would be able to function as unique
donors with a number of advantages, such as resistance to
oxidative conditions, which would result in higher stability,
they are rarely used as donors because of their extremely low
solubility in common organic solvents and relatively low-lying
HOMOs.[4] Therefore, it is necessary to improve the solubility
and raise the HOMO energy of oligophenylenes to enhance
their suitability as donors. Although the introduction of long
alkyl chains is a conventional way to improve the solubility of
p-conjugated molecules, bending p-electron systems has

recently been recognized as a new strategy to increase both
the solubility and HOMO energy.

After the successful synthesis of [n]cycloparaphenylenes
([n]CPPs) by the groups of Bertozzi, Jasti, Itami, and
Yamago,[5–7] various unique properties of CPPs have been
uncovered.[8] For example, owing to their curved structure, no
intermolecular p–p stacking occurs in CPPs, which leads to
much higher solubility in common organic solvents compared
to linear oligoparaphenylenes.[9] Moreover, because of the
curved structure and cyclic conjugation, the energy of the
HOMOs of [n]CPPs becomes higher than that in linear
[n]paraphenylenes (n� 20).[7a,8b] These results led us to
propose a new molecular design for using curved oligopar-
aphenylenes as donors in d^a systems, which results in the
generation of unique shape-persistent d^a macrocycles (Fig-
ure 1b). Herein, we report the synthesis and photophysical
properties of CPP derivatives with an anthraquinone (AQ) or
a tetracyanoanthraquinodimethane (TCAQ) moiety inserted
into the ring as an acceptor. The effects of the inserted
acceptors on the electronic structures of the d^a macrocycles
are addressed through theoretical and electrochemical stud-
ies.

The synthetic approach to the CPP-based novel d^a
macrocycles is illustrated in Scheme 1.[10] The palladium-
catalyzed Suzuki–Miyaura coupling reaction between U-
shaped unit 1[6g] and 2,6-diborylanthraquinone (2)[10] provided
C-shaped unit 3 in 76% yield. The nickel-mediated cycliza-
tion reaction of C-shaped dibromide 3 afforded cyclohexane-
inserted macrocycle 4 in 56 % yield. With this new macrocycle
in hand, the aromatization reaction was examined. In
a method we previously reported,[6] m-xylene and DMSO
were used as solvents for the aromatization of cyclohexane
units. For the aromatization of 4, we tried DMSO-free
conditions to avoid the unpleasant smell caused by the
decomposition of DMSO. After extensive optimization of this
particular aromatization step, it was found that the treatment

Figure 1. a) Typical donors in D–A systems. b) Curved oligophenylenes
as novel donors (this work).
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of 4 with NaHSO4·H2O in m-xylene/water at 150 88C induced
aromatization to produce the target anthraquinone-contain-
ing macrocycle, cyclo[10]paraphenylene-9,10-anthraquinon-
2,6-ylene ([10]CPAq), in 10 % yield as a yellowish orange
powder. The yield of [10]CPAq was improved to 27 % by
further adding o-chloranil to the reaction. The AQ moiety in

[10]CPAq can easily be converted into a TCAQ unit, which is
a stronger acceptor than AQ.[11] The reaction of [10]CPAq
with malononitrile in the presence of TiCl4 and pyridine
afforded cyclo[10]paraphenylene-2,6-tetracyanoanthraquino-
dimethanylene ([10]CPTcaq) as a red powder in 81 % yield.

Next, the UV/Vis absorption and fluorescence properties
of [10]CPAq and [10]CPTcaq were studied (Table 1 and
Figure 2). The effect of the acceptor moieties (AQ and

TCAQ) on the electronic structures and properties of the D–
A macrocycles was estimated by using the photophysical data
for [12]CPP, which has a ring size similar to those of [10]CPAq
and [10]CPTcaq. The absorption maxima of [10]CPAq
(332 nm) and [10]CPTcaq (335 nm) were almost the same as
that of [12]CPP (338 nm).[6] However, a new broad shoulder
peak appeared on the spectrum of [10]CPAq. Peak separation
led to the detection of three absorption maxima at 331, 379,
and 429 nm (see Figure S1 in the Supporting Information). By
contrast, a broad peak ranging from 400 to 650 nm was
observed for [10]CPTcaq. The assignments of these broad
absorption bands are explained later by using theoretical
calculations.

[10]CPAq and [10]CPTcaq exhibited green and red
fluorescence, respectively, in CCl4. These long-wavelength
emissions are clearly different from the blue fluorescence of
[12]CPP. Interestingly, solutions of [10]CPAq were observed
to undergo a remarkable change in fluorescence color, from
green in CCl4 to orange in chlorobenzene. The higher the
polarity of the solvent, the more pronounced the red-shift of
the emission maxima (Table 1 and Table S1 in the Supporting
Information). A plot of the wavenumber against the solvent
parameter ET(30)[12] fits to a linear line (Figure S2), thus
clearly indicating the positive solvatofluorochromic behavior
of [10]CPAq. While solutions of [10]CPTcaq in polar solvents
are nonfluorescent, the emission spectra of this compound in
nonpolar solvents showed a similar bathochromic shift
(Table 1 and Figure 2). It should be noted that such solvato-
chromism has never been reported for CPP derivatives. Since
solvatofluorochromism is often observed in D–A molecules
capable of intramolecular charge transfer,[13] [10]CPAq and
[10]CPTcaq can be regarded as unique macrocyclic D–A
systems.

Scheme 1. Synthesis of [10]CPAq and [10]CPTcaq. Reaction conditions:
a) Pd(PPh3)4, Na2CO3, nBu4NBr, THF, reflux, 41 h. b) Ni(cod)2, 2,2’-
bipyridyl, THF, reflux, 25 h. c) NaHSO4·H2O, o-chloranil, m-xylene,
water, 150 88C, 75 h. d) malononitrile, TiCl4, pyridine, CH2Cl2, 0 88C to RT,
26 h. Bpin= 4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl, THF = tetrahy-
drofuran, cod =1,5-cyclooctadiene.

Table 1: UV/Vis absorption and fluorescence data for [10]CPAq and
[10]CPTcaq.

labs
[a] [nm] lem

[b] [nm] (solvent) FF
[c]

[10]CPAq 332, 379, 429 496 (CCl4) 0.08
523 (C6H6) 0.15
531 (Et2O) 0.30
591 (C6H5Cl) 0.18

[10]CPTcaq 335, 450 611 (CCl4) 0.02
642 (C6H6) 0.05

[a] In chloroform. [b] Emission maxima upon excitation at 420 nm and
480 nm for [10]CPAq and [10]CPTcaq, respectively. [c] Absolute fluores-
cence quantum yields determined by a calibrated integrating sphere
system within �3% errors.
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To understand the electronic structures of [10]CPAq and
[10]CPTcaq, DFT and time-dependent DFT (TD-DFT)
calculations were performed using Gaussian 09 at the
B3LYP/6-31G(d) level. The frontier molecular orbitals
(MOs) of [10]CPAq and [10]CPTcaq are depicted in
Figure 3. In both cases, the HOMOs are localized on the
paraphenylene moieties, whereas the LUMOs are localized
on the acceptors (AQ and TCAQ). Localization of the
LUMO on AQ is commonly observed in solvatochromic
compounds bearing AQ as an acceptor.[14] The LUMO in
[10]CPAq and LUMO and LUMO + 1 in [10]CPTcaq corre-
spond to those in AQ and TCAQ (Figure S3 and S4). Because
of the effective HOMO–LUMO separation, the excited states
of these acceptor-inserted CPPs are polarized, which appears
to be the cause of their solvatofluorochromism. A comparison
of the energy diagrams of [12]CPP to those of [10]CPAq and
[10]CPTcaq is shown in Figure 4. In contrast to the similar
HOMO energies of [10]CPAq, [10]CPTcaq, and [12]CPP
(¢5.39 eV, ¢5.48 eV, and ¢5.25 eV,[8a] respectively), the
LUMO energies of the acceptor-inserted CPPs were calcu-
lated to be much lower in energy than that of [12]CPP

(¢2.71 eV ([10]CPAq) and ¢3.55 eV ([10]CPTcaq) vs.
¢1.64 eV ([12]CPP)),[8a] which resulted in smaller HOMO–
LUMO gaps in the acceptor-inserted CPPs. Unlike [12]CPP,
degeneration was not found in the frontier MOs of the
acceptor-inserted CPPs because of their low symmetry (see
Figures S3 and S4 for depictions of these MOs). TD-DFT
calculations enabled us to assign the origin of their UV/Vis
absorption bands (Tables S3 and S4). In the absorption
spectrum of [10]CPAq, the shoulder peak at 429 nm is
mainly derived from the HOMO¢2!LUMO transition,
whereas the peak at 379 nm originates from the HOMO!
LUMO + 3 and HOMO¢1!LUMO + 1 transitions. The
strongest absorption peak is assigned to several transitions,
such as HOMO!LUMO + 2, + 3, and HOMO¢2!LUMO.
The transitions responsible for the peaks at 379 and
331 nm correspond to HOMO!LUMO + 1, + 2, and
HOMO¢1,¢2!LUMO transitions in [12]CPP.[8a] For
[10]CPTcaq, the broad absorption from 400 to 650 nm
originates from HOMO, HOMO¢1,¢2!LUMO and
HOMO¢1!LUMO + 1 transitions, thus revealing that the
TCAQ moiety functions as an acceptor.

Figure 2. (a) UV/Vis absorption (in CHCl3 ; solid line) and fluorescence
(excited at 420 nm in various solvents; broken lines) spectra of
[10]CPAq. Photographs show the emission colors of [10]CPAq in
various solvents. (b) UV/Vis absorption (in CHCl3 ; solid line) and
fluorescence (excited at 480 nm in various solvents; broken lines)
spectra of [10]CPTcaq. A photograph shows the emission color of
[10]CPTcaq in CCl4.

Figure 3. Frontier MOs of [10]CPAq (left) and [10]CPTcaq (right)
calculated at the B3LYP/6-31G(d) level (isovalue= 0.02). C Gray, H
white, O red, N blue.

Figure 4. Energy diagrams for MOs of [10]CPAq (left), [12]CPP
(center), and [10]CPTcaq (right). Two-way arrows represent HOMO–
LUMO gaps. H= HOMO, L= LUMO.
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The results of the cyclic voltammetry measurements of
[10]CPAq and [10]CPTcaq also support their electron-accept-
ing character (Figure S5). Two reversible reduction waves
(E1/2 =¢1.45 V, ¢1.90 V vs ferrocene/ferrocenium) were
observed for [10]CPAq, while a quasi-reversible reduction
wave (Epc =¢1.85 V, Epa =¢1.32 V) was observed for
[10]CPTcaq. Interestingly, the reduction potentials of
[10]CPAq were found to be similar to those of cyclohexane-
inserted macrocycle 4 (E1/2 =¢1.47 V, ¢1.95 V; Figure S5),
which indicates that the elongated p conjugation has little
effect on the electron-accepting properties. It should be
mentioned that the reduction wave was not observed for
[12]CPP under otherwise identical conditions. These results
clearly indicate that the observed reduction waves of
[10]CPAq and [10]CPTcaq are derived from the acceptor
moieties, and are in good agreement with the LUMOs
obtained from the theoretical calculations. All of these
newly discovered D–A characteristics of [10]CPAq and
[10]CPTcaq, together with their unique shape-persistent
ring structures, suggest potential applications for these
macrocycles in a range of optoelectronic applications.

In summary, we have synthesized the first donor–acceptor
macrocycles with curved oligoparaphenylene as the donor.
Notably, the fluorescence color of [10]CPAq in solution
changes from green to orange depending on the solvent
polarity. Theoretical calculations and cyclic voltammetry
results elucidated the electron-donor and electron-acceptor
behavior of the oligoparaphenylene and acceptor moieties,
respectively. These findings provide a new molecular design
strategy for D–A systems that makes use of curved p-electron
ring systems.

Keywords: anthraquinone · cycloparaphenylenes · donor–
acceptor systems · macrocycles · solvatofluorochromism
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