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A perylenetetracarboxdiimide derivative containing an
anthraquinone unit has been synthesized by the phototrig-
gered intramolecular cyclization of 2-anthraquinone-substi-
tuted perylenetetracarboxdiimide. The anthraquinone-sub-
stituted perylenetetracarboxdiimide dyes showed excellent

Introduction

Perylenetetracarboxdiimide derivatives (PDIs) as organic
chromophores have been widely used in sensors,[1] logic
gates,[2] molecular machines,[3] organic electronic devices,[4]

organic photovoltaic devices,[5] organic field-effect transis-
tors,[6] and NIR absorbing dyes[7] owing to their thermal
and photochemical stabilities, high molar extinction coeffi-
cients, high fluorescence quantum yields, and exceptional
electron-accepting abilities. To further improve their physi-
cal and chemical properties, considerable attention has been
directed towards the modification of PDIs through high-
yielding synthetic routes. Two approaches are usually
adopted. One is to introduce substituents at the imide nitro-
gen atoms,[8] the other is to introduce substituents with elec-
tron-donor or -acceptor groups at the aromatic core in the
bay region, which could dramatically change the properties
of the PDIs. Not only the perylene core, but also the linkage
between the substituents and the PDI can be twisted by
direct C–C coupling of substituents in the bay positions. On
the one hand, this twisting could help to improve the solu-
bility of the PDIs by reducing π–π interactions between the
PDIs,[4b] but on the other hand, the twisting might weaken
the π-conjugative interactions due to the loss of planarity
of the molecules. Usually, bay-functionalized perylenetetra-
carboxdiimides are obtained from the corresponding
brominated derivatives.[9] Replacement of the bromo group
is achieved by metal-catalyzed C–C coupling, such as Su-
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electron-accepting abilities with four reversible reduction
potentials. Photovoltaic devices of ITO/PEDOT:PSS/
P3HT:PDIs/Ca/Al were fabricated and power conversion effi-
ciencies of 0.16 and 0.39 were obtained for 1 and 2, respec-
tively.

zuki,[10] Stille,[11] and Sonogashira reactions,[12] or by tradi-
tional nucleophilic substitutions[13] and Diels–Alder reac-
tions.[14] For bay-substituted PDIs, photocyclization is an
efficient way to obtain ring-expanded molecules. We have
previously prepared core-extended perylene chromophores
by phototriggered intramolecular cyclization of perylenete-
tracarboxdiimides functionalized with a phenyl group, ni-
trogen-containing five-membered heteroaromatic rings
(imidazole, 1,2,4-triazole, and pyrazole), and an anthracene
group.[15]

In most cases, perylenetetracarboxdiimides are employed
as electron-accepting units,[16] although on some occasions
they can also be used as electron-donating units.[17]

Whether a PDI acts as a donor or an acceptor clearly de-
pends on the nature of the substituent.[17c] When good elec-
tron acceptors such as fullerenes are attached to PDIs, elec-
tron transfer from the PDI to the fullerene can be ob-
served.[17a,18] As a traditional colorant, quinones are widely
used in the dyestuff industry.[19] In addition, they are also
involved in electron transport in biological systems and in
the photosynthesis of bacteria and plants.[20] Recently,
quinones have found applications in sensors,[19] optical re-
cording media,[21] and solar energy conversion.[22] Among
the derivatives of quinones, 9,10-anthraquinone (AQ) is
widely known as an electron-accepting group with low re-
duction potentials.[20a] In addition, the preparation of AQ
is relatively simple and it can be easily incorporated into π-
conjugated systems.[23] In light of this, we designed two new
PDI derivatives 1 and 2 with the 2-anthraquinone moiety
attached to the bay region. The solubility of 2 was ef-
ficiently improved because of the reduced π–π interactions
and the increased polarity of the molecule. Through the
phototriggered intramolecular cyclization of 2-anthra-
quinone-substituted perylenetetracarboxdiimide 2, we ob-
tained zigzag constitutional compound 1 in which the aro-
matic π system of the perylenetetracarboxdiimide is length-



Dyes for Electron-Accepting Materials

ened along the equatorial axis. The photo- and electro-
chemical properties of these perylenetetracarboxdiimide
dyes were also investigated, as were their applications in
photovoltaic devices.

Results and Discussion

Synthesis

The synthesis of compounds 2 and 1 is outlined in
Scheme 1. One of the starting materials, 2-(9,10-dioxo-9,10-
dihydroxy-2-anthryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborol-
ane (4) was synthesized in two steps according to a litera-
ture report.[24] First, 2-aminoanthraquinone was converted
into 2-bromoanthraquinone by the Sandmeyer reaction.
Secondly, 2-bromoanthraquinone was treated with bis-
(pinacolato)diboron to give AQ-boronic ester 4. Another
starting material, 1-bromoperylenetetracarboxdiimide 3,
was again obtained according to the literature.[25] Suzuki
coupling of compounds 4 and 3 gave compound 2 in 81%
yield. Subsequent exposure to sunlight produced compound
1 in 90% yield within 5 min.

The colors and fluorescence emissions of unsubstituted
PDI, 2, and 1 are shown in Figure S2 in the Supporting
Information. The unsubstituted PDI is an orange color and
displays a light-yellow fluorescent emission. Introduction of
the anthraquinone substituent in the bay position caused a
redshift in the color, with 2 being a red color and exhibiting
a light-red emission. Cyclization of 2 in sunlight led to a
blueshift, with 1 a green-yellow color and displaying weak
green-yellow fluorescence emission.

The UV/Vis absorption and fluorescent spectra of 2 and
1 are presented in Figure 1 and the data are summarized in
Table 1. According to the literature,[11,26] unsubstituted PDI
shows an absorption band (450–550 nm) peak at 527 nm
with characteristic vibronic fine structure, which has been
attributed to perylene core π�π* transitions.[27] The ab-
sorption band at the longer wavelength can be assigned to
the electronic S0 �S1 transition with the dipole moment
along the long molecular axis, whereas the absorption band
at the lower wavelength can be assigned to the electronic
S0 � S2 transition with the dipole moment perpendicular to
the long molecular axis.[13,28] The AQ group exhibits an ab-
sorption band in the region 200–300 nm.[20b] The UV/Vis

Scheme 1. Synthetic route to compounds 2 and 1. Reagents and conditions: a) KCO3, [Pd(Ph3P)4], toluene/ethanol (3:1); b) hν (sunlight
or sun lamp), CH2Cl2.
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spectrum recorded for 2 shows a combination of an anthra-
quinone unit (200–300 nm) and a perylenetetracarboxdi-
imide unit (450–550 nm). Because of steric constraints, the
anthraquinone moiety is rotated out of the perylene plane
with a dihedral angle of 56.1° (see Figure S4 in the Support-
ing Information) and so the π-conjugative interactions are
weakened; as a consequence, in comparison to the λmax

value of unsubstituted PDI (527 nm), the λmax for 2 is only
slightly redshifted by 3 nm to 530 nm. After cyclization, the
λmax value of 1 is blueshifted by 21 nm to 506 nm, partly
due to the electron affinity of the anthraquinone moiety.
The blueshifted absorption of 1 suggests that more energy
is needed for the optical transition.[29] Meanwhile, a new
absorption band peak at 346 nm can be seen. Compared
with unsubstituted PDI and 2, the absorption bands of 1
span a wider range in the UV/Vis spectrum. The maximum
extinction coefficient for 2 is 41139 m–1 cm–1, whereas that
of 1 is 55816 m–1 cm–1; the difference between these two val-
ues can be attributed to the large twist in compound 2.

Figure 1. UV/Vis absorption and fluorescence emission spectra of
2 and 1 in CH2Cl2.

In comparison with unsubstituted PDI (534 nm), the
maximum emission of 2 is redshifted by 45 nm to 579 nm,
with a Stokes shift of 49 nm, and the fluorescent quantum
yield is about 0.78, measured relative to unsubstituted PDI
in CH2Cl2 solution as reference.[26a] Unsubstituted 9,10-
anthraquinone itself shows no photoluminescence. The de-
crease in the fluorescence intensity of the perylene core in
2 is due to steric twisting of the perylene ring and the elec-
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Table 1. Photophysical and electrochemical data for 2 and 1.

Compound 2 1

Absorption[a] λmax [nm] 530 506
ε[a] [m–1 cm–1] 41139 55816
Fluorescence[b] λmax [nm] 579 581
Φfl

[c] 0.78 0.050
Stokes shift 49 75
Eox [V vs. SCE][d] 1.71[e]

Ered [V vs. SCE][d,e] –0.55, –0.76, –0.60, –0.83,
–1.04, –1.38 –1.16, –1.45

HOMO/LUMO [eV][f] –6.11/–3.85 –/–3.80
Eg [eV][f] 2.26

[a] Measured in CH2Cl2 solution (1.0�10–5 m). [b] Measured in
CH2Cl2 solution (1.0 �10–6 m) upon excitation at 500 nm. [c] In
CH2Cl2, N,N�-bis(2,6-diisopropylphenyl)perylene-3,4:9,10-tetracar-
boxylic acid diimide (unsubstituted PDI, Φfl = 1 in CHCl3)[26a] was
used as standard. [d] Performed in CH2Cl2 under N2 by using
nBu4NPF6 (0.05 m) as the supporting electrolyte, platinum as the
counter electrode, glassy carbon as the work electrode, and the sat-
urated calomel electrode (SCE) as the reference electrode. [e] Half-
wave potentials are given. [f] The HOMO and LUMO levels were
obtained directly from CV according to the method reported in the
literature.[36]

tron-accepting character of anthraquinone.[30] The cyclized
product 1 shows a maximum emission at 581 nm, which is
redshifted by 47 and 2 nm compared with unsubstituted
PDI and 2, respectively. Meanwhile, the fluorescent quan-
tum yield of 1 is only 0.050. The significant quenching of
the fluorescent intensity of 1 is possibly a result of efficient
intramolecular electron transfer between the perylenetetra-
carboxdiimide donor and the anthraquinone acceptor in-
duced by excitation of the electron-donating perylenetetra-
carboxdiimide chromophore.[31] The Stokes shift for 1 is
75 nm. The relatively large variation of the Stokes shift
upon cyclization might be attributed to the stabilization of
the HOMO by the anthraquinone acceptor and the destabi-
lization of the LUMO by the perylenetetracarboxdiimide
donor.[32]

The photophysical properties of 2 and 1 in different sol-
vents were also investigated (see Figure S3 and Table S3 in
the Supporting Information). Compared with the absorp-
tion spectra recorded in dichloromethane, blueshifts were
only observed in cyclohexane and dibutyl ether. In cyclo-
hexane, the absorption λmax values of 2 and 1 are blue-
shifted by 12 and 10 nm, respectively, whereas in dibutyl
ether blueshifts of 10 and 8 nm were observed. The absorp-
tion spectra show small changes in other solvents. The fluo-
rescence spectra are also influenced by solvent polarity.
Clear blueshifts were observed in the spectra recorded in
cyclohexane and dibutyl ether, whereas redshifts were de-
tected in methanol and DMF. In cyclohexane, the fluores-
cence emission λmax values of 2 and 1 are blueshifted by 8
and 13 nm, whereas in dibutyl ether blueshifts of 5 and
10 nm occur. In contrast, the fluorescence emission λmax

values of 2 and 1 are redshifted by 6 and 3 nm in methanol,
and by 4 and 4 nm in DMF. Meanwhile, significant fluores-
cence quenching was observed in strongly polar protonic
solvents. For example, the fluorescent quantum yields of 2
and 1 are only 0.24 and 0.038 in methanol. The polarity
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and dipole moment are the major factors that affect the
optical properties. Increasing the polarity of the solvent
could lead to redshifts of the optical spectra and quenching
of the fluorescence emission. Protonic solvents may facili-
tate the formation of hydrogen bonds between the anthra-
quinone unit and hydrogen proton, which might also cause
weak redshifts.

The redox potentials of these compounds were deter-
mined by cyclic voltammetry in dichloromethane (Fig-
ure 2). The data are summarized in Table 1. According to
the literature,[33] one reversible oxidation potential at 1.65 V
(vs. SCE) and two reversible reduction potentials at –0.53
and –0.75 V (vs. SCE) were observed for unsubstituted
PDI. For anthraquinone-substituted PDI 2, one reversible
oxidation potential and four reversible reduction potentials
appeared, whereas for cyclized product 1, only four revers-
ible reduction potentials emerged. The oxidation potential
versus SCE is 1.71 V for 2. The reduction potentials versus
SCE are –0.55, –0.76, –1.04, and –1.38 V for 2, and –0.60,
–0.83, –1.16, and –1.45 V for 1. Compared with unsubsti-
tuted PDI, the oxidation potential of 2 is positively shifted
by 0.06 V, which indicates that the electron-deficient anthra-
quinone moiety renders oxidation more difficult. Further-
more, after cyclization, the oxidation peak of 1 disappears,
which may be due to intramolecular charge transfer from
the perylenetetracarboxdiimide group to the anthraquinone
group.[34] The electronic communication between the PDI
and AQ units might be reduced significantly as a result of
the large twisting of the conjugated core, as verified by
theoretical calculations (see Figure S4 in the Supporting In-
formation), and thus the two units are relatively indepen-
dent such that the first two reduction potentials for 2 are
almost the same as those of unsubstituted PDI.[5b] How-
ever, after cyclization, the first two reduction potentials of
1 are negatively shifted by 0.05 and 0.07 V compared with
those of 2, respectively. These shifts are probably due to the
planar core of 1, which facilitates electronic communication
between the perylenetetracarboxdiimide and anthraquinone
units and renders intramolecular charge transfer between
the two units more efficient.[35] The extended π-conjugated
system would increase the resonance energy and delocalize
the negative charge more effectively, which could explain
why the fourth reduction potential is closer to the third re-
duction potential in the case of 1.

Figure 2. Cyclic voltammograms of 2 and 1 vs. SCE in CH2Cl2.
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The HOMO and LUMO energy levels and the energy
gap of 2 and the LUMO energy level of 1 were evaluated
from the cyclic voltammograms. For unsubstituted PDI, the
HOMO and LUMO levels are –6.05 and –3.87 eV, respec-
tively, and the energy gap is 2.18 eV. The corresponding val-
ues for 2 are –6.11, –3.85, and 2.26 eV, whereas the LUMO
level for 1 is –3.80 eV. Thus, the anthraquinone substituent
in 2 lowers the HOMO level and moves the charge density
from the HOMO of the perylenetetracarboxdiimide core to
the LUMO of the anthraquinone substituent such that the
positive charge density resides on the perylenetetracarb-
oxdiimide core.[37] In this circumstance, better planarity of
the molecules would result in greater charge transfer and
delocalization leading to a LUMO with a higher energy.[38]

For the perylenetetracarboxdiimide core, the changes in
optical and redox properties are primarily due to the induc-
tive effect of the groups on the frontier orbitals. To investi-
gate the spectroscopic properties of these compounds from
a theoretical point of view, the molecular frontier orbitals
of 2 and 1 were studied by DFT at the B3LYP/6-31tG*
level of theory by using the Gaussian 03 program.[39] The
molecular orbital (MO) map of 2 (Figure 3) shows that
both the HOMO and LUMO are localized over the per-
ylenetetracarboxdiimide moiety, which indicates that no
charge transfer occurs in 2 in the ground state. As a result,
in 2, the PDI and AQ units maintain their individual op-
tical characteristics. For 1, the charge density in the HOMO
and LUMO is not simply concentrated on the perylenete-
tracarboxdiimide ring, it is also located over the fused link-
age between the perylenetetracarboxdiimide and the
anthraquinone moiety. The calculated HOMO and LUMO
energies and the energy gap of 2 are –5.99, –3.54, and
2.45 eV, which are in good agreement with the electrochemi-
cal experimental data, and the values calculated for 1 rela-
tive to 2 are the same. The anthraquinone moiety plays an
important role in the LUMO+1 and LUMO+2 as a result
of its electron-withdrawing nature (see Figure S4 in the
Supporting Information). The quantum chemical calcula-
tions are in good agreement with the UV/Vis spectra and
electrochemical data. The optimized configurations of 2
and 1 show that the mean plane of the anthraquinone ring
is not parallel to the mean plane of the perylene ring, hav-
ing dihedral angles of 56.1 and 5.5°. Thus, upon cyclization,
the anthraquinone moiety and perylenetetracarboxdiimide
ring in 1 lie approximately in one plane, which leads to bet-
ter conjugation and electron delocalization.

We also investigated the photovoltaic properties of 2 and
1. As we know, perylene diimide derivatives with large and
tunable molar absorption coefficients have potential as
light-absorbing materials rather than purely as transport
materials,[40] exhibit good electron-accepting properties,[41]

and may be highly conducting along the π–π stacking
axis.[42] In addition, they are more easily functionalized
than fullerenes.[43] Thus, PDIs provide a much larger choice
of acceptor materials for use in bulk heterojunction (BHJ)
solar cell devices.[5b,44] The electron-donating conjugated
polymers used in BHJ solar cell devices at present are
mainly poly(3-hexylthiophene)s (P3HT).[45] However, to
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Figure 3. Calculated frontier orbitals for (a) the HOMO of 2,
(b) the LUMO of 2, (c) the HOMO of 1, and (d) the LUMO of 1.

date the performances of solution-processed devices based
on P3HT and PDIs have been rather poor (normally below
0.05%).[4b] BHJ solar cell devices based on P3HT and com-
mercially available unsubstituted PDI only exhibit efficienc-
ies of 0.18 %.[5b] Recently, BHJ solar cell devices composed
of blends of P3HT and an asymmetric PDI derivative ex-
hibited efficiencies of 0.37%.[4b]

As we discussed earlier, the absorption ranges of 2 and 1
are located in the middle of the visible region with suitable
extinction coefficients. The LUMO energies of 2 (–3.85 eV)
and 1 (–3.80 eV) are close to that of PCBM ([6,6]-phenyl-
C61-butyric acid methyl ester) (–3.71 eV). The LUMO gap
(1.17 or 1.22 eV) and HOMO gap (1.40 eV) between P3HT
and 2 or 1 are large enough to guarantee efficient exciton
dissociation.[46] The difference between the LUMO of 2 and
the HOMO of P3HT is as large as 1.40 eV, which could
lead to a high open circuit voltage (VOC) for solar cells.[47]

Thermogravimetric analysis (TGA) of 2 and 1 revealed that
they are both thermally stable over 350 °C. Given the
features of 2 and 1, we investigated the performances of
devices based on P3HT and 2 or 1. The indium/tin oxide
(ITO) (150 nm)/poly(ethylenedioxythiophene):poly(styrene-
sulfonic acid) (PEDOT:PSS, CLEVIOS A1 4083) (50 nm)/
P3HT:PDIs (100 nm)/Ca/Al devices were fabricated by
spin-coating a thin-layer of PEDOT:PSS onto the ITO glass
substrate. Figure 4 shows the J–V curves for the devices
based on 2 and 1.

The photovoltaic properties including open circuit volt-
ages (VOC), short circuit current densities (JSC), fill factors
(FF), and power conversion efficiencies (PCEs) of the de-
vices with 1:1 donor/acceptor weight ratios are summarized
in Table 2. Because VOC is related to the gap between the
LUMO of the acceptor and the HOMO of the donor,[48] an
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Figure 4. J–V curves for the P3HT/PDIs devices with SA and PTA
treatment under AM 1.5 G illumination at 100 mWcm–2 (SA =
solvent annealing; PTA = pre-thermal annealing).

acceptor with a lower LUMO causes a device to have a
lower VOC. This is borne out by the lower VOC level of the
device based on 2. In general, large π systems such as PDIs
are inclined to close molecular π–π packing, which has two
effects on efficiency. On one hand, it may be beneficial to
electron charge carriers and, on the other, it may aggravate
the intermolecular charge recombination.[49] Therefore find-
ing a balance between favorable molecular packing and a
suitable distorted molecular geometry is a key goal to real-
izing a high efficiency. Thus, in our view, it seems that with
the help of large substituents such as the anthraquinone
group in the bay positions, the molecular packing of PDI
could be largely suppressed and consequently the intermo-
lecular charge recombination minimized. At the same time,
this torsion of molecules does not lower the rate of charge
carriers significantly. Perhaps this is the reason why the
value of JSC for 2 is higher than that for 1. Finally, solar
cells with 2 exhibited a power conversion efficiency of
0.39 %, which is more than two-fold that of the efficiency
(0.16%) achieved with 1.

Table 2. Performance of ITO/PEDOT:PSS/P3HT:PDIs/Al bulk
heterojunction photovoltaic devices[a] under a simulated photovol-
taic light with 100 mWcm–2 illumination (AM 1.5 G).

Sample PCE [%] VOC [V] JSC [mAcm–2] FF [%] Area [cm2]

2 0.39 0.52 1.50 47.36 0.044
1 0.16 0.58 0.65 40.36 0.168

[a] The fabrication of photovoltaic devices of ITO/PEDOT:PSS/
P3HT:PDIs/Ca/Al is described in the in the Supporting Infor-
mation.

With respect to the light absorption range, charge carrier
rate, and electron affinities, PDI dyes should outperform
fullerenes in solar cells. However, the results show other-
wise. The causes of the poor power conversion efficiencies
achieved with our systems are not well understood. One
explanation for this is that the close molecular packing may
lead to the self-trapping of excitons.[5b] Another explanation
is that the dissociation of the charge-transfer (CT) state into
mobile charge carriers could be severely delayed by the ef-
ficient charge-recombination (CR) process.
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Conclusions

Zigzag constitutional perylenetetracarboxdiimide deriva-
tive 1 containing an anthraquinone unit has been synthe-
sized by phototriggered intramolecular cyclization of 2-
anthraquinone-substituted perylenetetracarboxdiimide 2.
Significant visible color and fluorescence changes were ob-
served after cyclization. The two materials exhibit strong
electron-accepting abilities. Their application in organic so-
lar cells was also investigated with power conversion effi-
ciencies of 0.39 and 0.16 obtained for 2 and 1, respectively.
Although PDIs seem less suitable than fullerenes as compo-
nents of photovoltaic cells, we still believe that the role of
PDI dyes in organic solar cell devices remains bright.

Experimental Section
Materials and Characterization: All reagents were obtained from
commercial suppliers and used as received unless otherwise noted.
Column chromatography was performed on silica gel (160–
200 mesh) and TLC was performed on precoated silica gel plates
and observed under UV light. NMR spectra were recorded with
Bruker Avance DPS-400 and DPS-600 spectrometers at room tem-
perature (298 K). Chemical shifts are referenced to residual solvent
peaks. MALDI-TOF MS was performed with a Bruker Biflex III
mass spectrometer. Electronic absorption spectra were recorded
with a JASCO V-579 spectrophotometer. Fluorescence excitation
and emission spectra were recorded with a Hitachi F-4500 fluorim-
eter.

Synthesis of 2: 1-Bromo-N,N�-bis(2,6-diisopropylphenyl)perylene-
3,4:9,10-tetracarboxdiimide (3; 158 mg, 0.2 mmol) and 2-(9,10-di-
oxo-9,10-dihydro-2-anthryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborol-
ane (4; 99 mg, 0.3 mmol) were dissolved in toluene/ethanol (30 mL/
10 mL) and K2CO3 (42 mg) was added. [Pd(PPh3)4] (ca. 5 mg) was
added after bubbling N2 through the solution for 30 min. After
stirring at 80 °C for 3 h, the reaction mixture was concentrated in
vacuo. The resulting solid was dissolved in CH2Cl2 (50 mL),
washed with H2O (20 mL), and dried with anhydrous Na2SO4.
Concentrated in vacuo and purified by column chromatography
(CH2Cl2/hexane as eluent), yield 148 mg, 81%, m.p. �400 °C (de-
comp.). 1H NMR (400 MHz, CDCl3): δ = 8.87–8.82 (m, 2 H), 8.79–
8.76 (m, 2 H), 8.69 (s, 1 H), 8.54 (d, J = 8 Hz, 1 H), 8.49 (s, 1 H),
8.40 (d, J = 8 Hz, 1 H), 8.33 (d, J = 8 Hz, 1 H), 8.19 (d, J = 8 Hz,
1 H), 8.07 (d, J = 8 Hz, 1 H), 7.90–7.85 (m, 3 H), 7.53–7.45 (m, 2
H), 7.38–7.31 (m, 4 H), 2.80–2.71 (m, 4 H), 1.21–1.12 (m, 24
H) ppm. 13C NMR (100 MHz, CDCl3): δ = 182.79, 182.56, 163.59,
163.56, 163.35, 163.29, 148.73, 145.77, 145.65, 139.73, 135.83,
135.54, 135.33, 134.82, 134.73, 134.59, 133.68, 133.58, 133.55,
133.30, 132.20, 132.10, 130.76, 130.66, 130.48, 129.90, 129.84,
129.69, 129.53, 128.56, 127.95, 127.70, 127.64, 124.24, 123.64,
123.50, 123.31, 123.02, 122.85, 32.05, 29.41, 29.29, 24.14, 22.82,
14.24 ppm. MS (MALDI-TOF): m/z = 916.3 [M]+. C62H50N2O4

(887.09): calcd. C 81.20, H 5.28, N 3.05; found C 81.16, H 5.30, N
3.04.

Synthesis of 1: Compound 2 (92 mg, 0.1 mmol) was dissolved in
CH2Cl2 (100 mL) in a quartz vessel and irradiated in direct sun-
light. The progress was monitored by TLC. About 5 min the photo-
cyclization was finished and the reaction mixture was concentrated
in vacuo. The crude product was purified by column chromatog-
raphy (CH2Cl2 as eluent), yield 82 mg, 90%, m.p. �350 °C (de-
comp.). 1H NMR (400 MHz, CDCl3): δ = 10.27 (s, 1 H), 9.85 (s, 1
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H), 9.60 (d, J = 8.0 Hz, 1 H), 9.42–9.37 (m, 2 H), 9.22–9.17 (m, 2
H), 8.92 (d, J = 8.0 Hz, 1 H), 8.38 (t, J = 4.0 Hz, 1 H), 8.27 (t, J

= 4.0 Hz, 1 H), 7.88 (t, J = 4.0 Hz, 2 H), 7.59–7.54 (m, 2 H), 7.43
(t, J = 4.0 Hz, 4 H), 2.96–2.87 (m, 4 H), 1.27–1.23 (m, 24 H) ppm.
13C NMR (100 MHz, CDCl3): δ = 186.71, 181.79, 163.18, 163.02,
162.94, 162.87, 161.62, 144.88, 135.02, 134.69, 134.59, 134.24,
134.00, 133.78, 133.48, 133.38, 132.72, 131.39, 130.18, 129.76,
129.66, 128.99, 128.23, 127.91, 127.82, 127.56, 127.48, 127.08,
126.76, 126.50, 125.99, 125.89, 124.79, 124.00, 123.74, 123.37,
122.96, 122.81, 122.57, 122.01, 121.73, 119.86, 35.57, 30.53, 28.44,
23.16, 23.09 ppm. MS (MALDI-TOF): m/z = 937.5 [M + Na]+.
C62H48N2O4 (885.07): calcd. C 81.38, H 5.07, N 3.06; found C
81.33, H 5.09, N 3.04.

Supporting Information (see footnote on the first page of this arti-
cle): 1H and 13C NMR spectra for 1 and 2, photos of the visible
colors and visual fluorescence colors of 1 and 2, computational
investigations on 1 and 2, TGA profiles of 1 and 2, and process for
the fabrication of the solar cell devices, details of CV experiments.
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