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Substituent effects on the photophysical and electrochemical properties of 1,7-diaryl-substituted
perylene diimides (1,7-Ar2PDIs) have been carefully explored. Progressive red-shifts of the absorption
and emission maxima were observed when the electron-donating ability of these substituents was
increased. Linear Hammett correlations of 1/λmax versus σ+ were observed in both spectral analyses.
The positive slopes of the Hammett plots suggested that the electronic transitions carry certain
amounts of photoinduced intramolecular charge-transfer (PICT) character from the aryl substituents
to the perylene diimide core which leads to the reduction of the electron density on the substituents.
The substituent electronic effects originated mainly from the perturbation of the core PDI HOMO
energy level by the substituents. This conclusion was supported by PM3 analyses and confirmed
by cyclic voltammetry experiments. More interestingly, the Ph2NC6H4-substituted PDI, 4i, showed
an unusual dual-band absorption that spans from 450 to 750 nm. We tentatively assigned these
two bands as the charge-transfer band and the PDI core absorption, respectively.

Introduction

During the past few decades, conversion of solar energy
into electricity has been one of the important areas for
scientific research.1 Today’s silicon solar cells can convert
up to 24% of the terrestrial solar energy into electrical
energy and have been already commercialized for many
applications.2 However, the solar cell’s production usually
involves high-temperature processes as well as numerous
lithographic steps.3 Therefore, solar cells made from

organic semiconducting thin films have become attractive
alternatives to investigate. Organic semiconductors can
conduct charges through partial delocalization or charge
hopping between molecules.4 Cells made from organic
semiconductors have been of interest as photovoltaic light
emitting devices, field effect transistors, and memories.5

Current organic solar cells have reached solar power
efficiencies of about 2% with corresponding external
quantum efficiency peaks at about 50%.6

One important factor that governs the performance of
a solar cell is the absorption spectrum of the organic
semiconductors or the dye molecules used for device
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fabrication. In an ideal situation, the solar cell absorption
spectrum should completely cover the region of terrestrial
solar irradiation.7 Therefore, the development of novel
dye molecules with appropriate absorptive properties for
photon harvesting has become an important area to
explore. Organic dyes usually absorb photons through
allowed π-π* or n-π* electronic transitions. Unfortu-
nately, the absorption bands of organic chromophores are
usually narrow and unable to cover the whole visible
region. Therefore, multichromophoric materials have
recently been developed.8

Perylene diimides (PDIs) are important electron ac-
ceptors and electron-transporting materials that have
been used in various dimensions. In particular, PDIs
show unusual photocurrent amplification properties and
are potentially useful compounds for solar cell applica-
tions.9 Therefore, it is extremely crucial to understand
the photophysical properties of PDIs.

The parent PDI 1 shows a vibronic absorption band at
450-550 nm.10

This absorption range is important because it is located
in the middle of the visible region. However, the band-
width is not wide enough to cover the spectral range.
Introduction of conjugated substituents onto the perylene
core is known to perturb the orbital energy of the
perylene π-array and usually leads to a shift of the
absorption maximum.11 Nevertheless, the width of the
absorption band would not be significantly expanded.
Recently, imido N-substituent effects and multichro-
mophoric perylene diimides with wide spectral responses
have been investigated and reported.12 In our report, we
have described the synthesis and chromophoric behavior
of 1,7-diaryl-substituted PDIs (1,7-Ar2PDIs).

Results and Discussion

The synthesis of 1,7-Ar2PDIs began with the I2-
catalyzed bromination of 3,4,9,10-perylenetetracarboxylic
dianhydride (2) in 98% concentrated sulfuric acid (Scheme
1).13 As mentioned in previous literature, high-field 1H
NMR analysis revealed that the crude product contained
about 75% of the desired 1,7-isomers along with 25% of
another unidentified isomer.13a,14 Because of the low
solubility of the crude product, purification of the dibro-
mide is difficult. Therefore, the crude product was
subjected to imidization without further purification.
Imidization of the anhydride with 2,6-diisopropylaniline
was carried out in acetic acid to smoothly produce diimide
3. The unidentified isomer could be easily removed by
recrystallization from toluene at this step. Suzuki cou-
pling is known to be an effective approach for introducing
aryl side groups to the perylene diimide core.11a,15 Even
though steric hindrance is expected to be high, Suzuki
coupling of 3 with various boronic acids successfully
produces 4 in high yields in our study.

Spectral Properties of 1,7-Ar2PDIs. The synthetic
yields of the 1,7-Ar2PDIs prepared and their photophysi-
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SCHEME 1. Synthesis of 1,7-Ar2PDIs
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cal properties are summarized in Table 1. All of these
compounds are highly soluble in various organic solvents,
such as CH2Cl2, CHCl3, PhMe, and Me2CO. The parent
PDI shows an absorption band peak at 527 nm with
characteristic vibronic fine structure (Figure 1) which is

attributed to the perylene core π-π* transition. Similar
absorptive features are observed for the Br- and mesityl-
substituted PDIs, 3 and 4a, respectively. Because of the
steric restriction caused by the methyl substituents, the
orientation of the mesityl ring is restricted orthogonally
to the perylene ring, and hence, the π-conjugative inter-
actions are minimal. As a consequence, the λmax of 4a is
only shifted slightly by 7 nm to 534 nm.

For the 1-naphthyl-substituted PDI 4b, two conforma-
tional diastereomers in a 1:1 ratio are observed from the

NMR analysis. We tentatively assigned them to the syn
and anti forms. Perhaps because of a large restricted
rotational energy barrier, the orientation of the naphthyl
groups is also restricted perpendicularly to the perylene
units. Interconversion between the syn and anti forms
is hindered at room temperature, and thus, the red-shift
effect in this case is also small (Scheme 2).

When the mesityl rings were replaced by phenyl
groups, there were less steric restrictions on the dihedral
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440. (c) Anthopoulos, T. D.; Frampton, M. J.; Namdas, E. B.; Burn, P.
L.; Samuel, I. D. W. Adv. Mater. 2004, 16, 557-560. (d) Kwon, T. W.;
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Chen, X. L.; Lovinger, A. J.; Bao, Z.; Sapjeta, J. Chem. Mater. 2001,
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Bao, Z.; Gilat, S. L. Acc. Chem. Res. 2001, 34, 359-369. (l) Videlot, C.;
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de Bettignies, R.; Levillain, E.; Roncali, J. Adv. Mater. 2003, 15, 306-
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TABLE 1. Synthetic Yields and Photophysical Properties of Ar2PDIs

compd Ar yield λmax(abs) log εa λmax(fl) Qyb

1 H -c 527 4.90 534 1
3 Br 36 528 4.68 547 0.76
4a mesityl 73 534 4.76 577 0.68
4b 1-naphthyl 80 540 4.60 625 0.30
4c phenyl 90 556 4.62 594 0.61
4d 4-(Ph)C6H4 91 566 4.65 624 0.38
4e 4-(OCH)C6H4 70 550 4.63 587 0.55
4f 4-(MeO)C6H4 66 573 4.50 635 0.14
4g 2,4-(MeO)2C6H3 70 563 4.50 640 0.08
4h 2,5-(MeO)2C6H3 71 542 4.53 - -
4i 4-(Ph2N)C6H4 60 512, 653 4.57,4.13 - -

a ε is the extinction coefficient in M-1 cm-1. b Qy is the quantum yield. c Authentic sample.

SCHEME 2. Schematic Diagrams for anti-4b and
syn-4b

FIGURE 1. Normalized UV-vis absorption spectra for (a) 1
(λmax ) 527 nm), (b) 3 (λmax ) 528 nm), (c) 4a (λmax ) 534 nm),
(d) 4b (λmax ) 540 nm), (e) 4c (λmax ) 556 nm), and (f) 4d (λmax

) 566 nm) in CHCl3.
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angle. The phenyl groups of 4c are allowed to rotate more
freely leading to better π-orbital overlapping with the
perylene core. This leads to a significant red-shift in the
absorption spectrum in which the λmax is shifted by 22
nm to 556 nm. Moreover, the vibronic pattern of the
absorption spectrum becomes less clear. A further red-
shift of the λmax of biphenyl-substituted PDI 4d to 566
nm implies that π-conjugation could be further extended
in the biphenyl unit.

The spectral-broadening phenomena shown in Figure
1, from line (a) to line (f), could be attributed to two
reasons. One could be the increase of the conjugation
between the substituents and the perylene core.11 An-
other could be the twisting of the perylene core by the
substituents so that the vibronic structure is lost.16

Previous X-ray crystallographic analyses14,16 revealed
that the PDI core should be twisted by the bay substit-
uents at the 1,7-positions. If one compares the spectra
of 1 (line a) against 4a (line c), in which the π-conjugation
is minimal, one can observe the twisting effect of the PDI
core on spectral broadening. However, further spectral

broadening along with significant red-shifting was ob-
served in the comparison among the spectra of 4a (line
c), 4c (line e), and 4d (line f). Since the steric effects of
the phenyl groups of 4a, 4c, and 4d on the core twisting
should not be significantly different, we tentatively
attributed the spectral broadening to the π-conjugation
effects. This argument is also consistent with the results
of the semiempirical calculations that will be presented
in later sections.

Substituent electronic effects are also observed for 1,7-
Ar2PDIs. Progressive red-shifts of the absorption maxima
occur when the electron-donating ability of the substit-
uents increases. Since the perylene diimide core is known
to be a good electron acceptor, photoinduced intramo-
lecular charge transfer (PICT) may occur in this case.
The photoinduced electronic transition would reallocate
the electron density from the HOMO of the phenyl
substituents to the LUMO of the perylene diimide core,
re-siding the positive charge density on the phenyl
substituents.17 In this circumstance, the introduction of
electron-donating groups on the phenyl substituents
would stabilize the excited state, leading to significant
red-shifts on their absorption spectra. This argument is
supported by a reasonably good Hammett correlation of
1/λmax versus σ+ for the family of phenyl-substituted PDIs
4c, 4d, 4e, and 4f with a slope of Fabs ) +0.061 µm-1

(Figure 2).17 Compounds 4c-4f were selected because
they have similar steric factors and are, therefore,
suitable models for comparison. The positive slope here
suggested that the electronic transition carries a certain
amount of PICT character from the phenyl substituent
to the perylene diimide core which reduces the electron
density on the phenyl substituent. On the the other hand,
the spectral behavior of 4i is quite different when
compared to that of the others. The 1/λmax of 4i does not
align well with the others in the Hammett plot. Further-
more, 4i does not show any observable fluorescent
properties. The photophysical properties of 4i will there-
fore be discussed separately as another section.

Introduction of methoxy groups to the ortho positions
again prohibits the phenyl ring from π-conjugation and,
hence, reduces the red-shift effect on the λmax. As we can
see in the spectra shown in Figure 3, although 4g and
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Commun. 2004, 18, 2030-2031.
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(13) (a) Rohr, U.; Kohl, C.; Müllen, K.; van de Craats, A.; Warman,
J. J. Mater. Chem. 2001, 11, 1789-1799. (b) Böehm, A.; Arms, H.;
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FIGURE 2. Hammett plot of 1/λmax versus σ+ for phenyl-
substituted PDIs 4c-4f: (a) absorption and (b) fluorescence.
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4h are supposed to be more electron-rich than 4f, 4f has
the largest red-shift on the λmax in comparison with that
of 4g and 4h.

More interesting is the fact that the absorption spec-
trum of 1,7-(Ph2NC6H4)2PDI (4i) shows dual bands in
visible region, in which the first band, peaked at 653 nm,
is denoted as the R-band and the second band, peaked
at 512 nm, is denoted as the â-band (Figure 4). The first
band is broad and is tentatively attributed to the charge-
transfer absorption involving the electronic transition
from the C6H4NPh2 group to the electron-deficient perylene
core. The second band shows a characteristic vibronic
coupling pattern and is assigned to the perylene π-π*
transition. The two absorption bands span a wide range
of the visible spectrum from 450 to 750 nm. In compari-
son to the λmax of the parent PDI, 1, the R-band is shifted
by 126 nm while the â-band is blue-shifted by 15 nm.

1,7-Ar2PDIs 4a-4g are fluorescent compounds. Their
emissions, λmax, are in the 577-640 nm range and are
listed in Table 1. Their fluorescent spectra are shown in
Figure 5. Similar substituent electronic effects have also
been observed in their fluorescence spectra. A linear
Hammett correlation of the 1/λmax and the quantum yields
of 4c-4f and 4i versus σ+ are observed.17 The larger slope
of Ffl ) 0.107 µm-1 (Figure 2) in comparison to Fabs ) 0.061
µm-1 implies that the emissive excited state involved in
the fluorescent process is more susceptible to the sub-
stituent electronic effects than that in the absorption
process. This observation is consistent with the assump-

tion that more positive charge will be re-sided onto the
aryl substituents in the emissive excited state. In addi-
tion, the fluorescence quantum yield drops when the
charge-transfer character increases (Figure 6). Therefore,
perylene diimides containing electron-rich substituents
such as 4f and 4g have low photo luminescence quantum
yields, and the fluorescence of 4h and 4i are undetect-
able.

To obtain insights into the origin of the spectral
behavior, we analyzed the PDIs by semiempirical quan-
tum computations in two ways: (1) optimizing the PDI
structures by MM2 methods followed by PM3-RHF
calculations for the HOMO and LUMO energies and (2)
calculating individually the energy levels of the HOMOs
and LUMOs of the perylene diimide core and the side
groups by the semiempirical PM3-RHF computations for
orbital analysis. To simplify the calculations, we used
N-methyl groups to replace the large N-(2,6-diisopropyl-
phenyl) groups in the calculations.

MM2-PM3 Calculations. The geometry optimizations
were carried out by the MM2 method. The energies of
the HOMO and LUMO of the corresponding structures
were calculated by the PM3 method. The data are
summarized in Table 2. As predicted from the litera-
ture,14b,16 the structurally optimized PDI cores are twisted
by an angle of 22-25°. The substituents have strong

FIGURE 3. Normalized UV-vis absorption spectra for (a) 4h
(λmax ) 542 nm), (b) 4g (λmax ) 563 nm), and (c) 4f (λmax ) 573
nm) in CHCl3.

FIGURE 4. UV-vis absorption spectrum of 4i.

FIGURE 5. Normalized fluorescence spectra in CHCl3 for (a)
1 (λmax ) 533 nm), (b) 3 (λmax ) 547 nm), (c) 4a (λmax ) 577
nm), (d) 4e (λmax ) 587 nm), (e) 4c (λmax ) 594 nm), (f) 4d (λmax

) 624 nm), (g) 4b (λmax ) 625 nm), (h) 4f (λmax ) 635 nm), and
(i) 4g (λmax ) 640 nm).

FIGURE 6. Hammett plot of fluorescence quantum yields
versus σ for phenyl-substituted PDIs 4c-4f and 4i. The
correlation coefficient is 0.94. The quantum yield is assumed
to be zero in the plot.
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perturbations on the HOMO energies. The variation of
the HOMO energies of 4c-4f is 0.304 eV. Unexpected
strong perturbation on the HOMO from the electron-
donating Ph2NC6H4 substituents is observed in the
calculation. The HOMO energy of 4i is -8.077 eV which
is much higher than that of the others. Pictorial orbital
analysis revealed that the HOMOs of 4c-4f originate
from the PDI core. However, the HOMO of 4i originates
from the Ph2NC6H4 group. On the other hand, the
variation of the LUMO energies of 4c, 4d, 4f, and 4i is
only 0.07 eV, a relatively smaller number than that of
the HOMO energies. The LUMO energy of the most
electron-deficient compound in the series, 4e, is 2.625 eV,
which is 0.313 eV lower than that of 4c. Orbital analysis
revealed that the LUMO originates from the PDI core,
no matter whether the substituents are electron-deficient
or electron-rich.

Orbital Analysis. To analyze the orbital interactions
between the core and the aryl substituent, we determined
the HOMO and LUMO energy levels of the substituent
as well as the PDI core. Here, we assumed that the
relative orbital energies could be reasonably approxi-
mated by the orbital energies of the corresponding
molecular fragments. The data of the corresponding
molecular fragments are listed in Table 3. The values for
the HOMO and LUMO of the perylene diimide core are
obtained on the basis of the assumption that the twisting
angle is 22.3°.

As shown in Table 2, the orbital energies of the
HOMOs of the MeOC6H5, PhC6H4, and Ph groups were
estimated to be 0.3-0.8 eV lower than that of the
perylene core. In these cases, the HOMO-HOMO inter-
actions would raise the energy level of the core PDI
HOMO and lower the energy level of the substituent
HOMO (Scheme 3, right). On the other hand, the LUMOs
of the side groups are 2.3-2.9 eV above the core PDI
LUMO so that their interactions would be relatively
small. Therefore, we concluded that substituent pertur-
bation raises the HOMO of the PDI core and leads to a
red-shift of the absorption spectrum. Since the HOMO
of 1,7-Ar2PDI involves orbital mixing of the substituents
and the PDI unit while the LUMO mainly originates from
the PDI core, photoexcitation of the HOMO electron onto

the PDI LUMO would lead to some charge-transfer
character from the aryl side groups to the PDI core.

On the other hand, the HOMO of the Ph2NC6H4 group
was found to be 1 eV above the core HOMO. Orbital
interactions would lower the energy level of the PDI
HOMO and raise the energy level of the Ph2NC6H4

group’s HOMO. Therefore, the HOMO of 4i mainly
originates from the HOMO of the Ph2NC6H4 units. The
absorption band at 653 nm is assigned to the charge-
transfer absorption, involving the electronic transition
from the HOMO of the Ph2NC4H4 group to the LUMO of
PDI. On the other hand, the blue-shifted absorption
maximum at 512 nm was assigned to the electronic
transition from the PDI HOMO to the PDI LUMO.

To further confirm our theoretical conclusions, we
employed cyclic voltammetry to evaluate the substituent
effects on the HOMO and LUMO of the perylene core.
The experiments were carried out in CH3CN or in a
mixed solvent of CH3CN and CH2Cl2 (1:1) in the presence
of Bu4NClO4 as the supporting electrolyte. Their redox
E1/2 values and reversibility are summarized in Table 4.

To avoid interference from steric factors, we again
selected a series of para-substituted derivatives, includ-
ing the 4-CHO-, 4-H-, 4-Ph-, 4-MeO-, and 4-Ph2N-
substituted Ph2PDIs 4c, 4d, 4e, 4f, and 4i, respectively,

TABLE 2. MM2-PM3/RHF Calculation of the
HOMO-LUMO Energies of 4c-4f and 4i

compd twisting angle (deg)a HOMO (eV) LUMO (eV)

4c 22.3 -8.717 -2.405
4d 25.5 -8.637 -2.424
4e 23.0 -8.919 -2.625
4f 23.8 -8.615 -2.388
4i 23.3 -8.077 -2.354

a The average angle from both sides of the optimized structure
is not completely symmetrical.

TABLE 3. PM3/RHF Orbital Energies of Molecular
Fragments

HOMO (eV) LUMO (eV)

PDI -8.90 -2.48
Ph3N -7.94 0.04
MeOC6H5 -9.11 0.35
(C6H5)2 -9.12 -0.17
C6H6 -9.75 0.40
CHOC6H5 -10.15 -0.75

SCHEME 3

TABLE 4. Oxidation and Reduction E1/2 Potentialsa for
1,7-Ar2PDIs

oxidationb reduction

PDIs 2nd 1st 1st 2nd 3rdb

4-(OCH)C6H4 +1.83 -0.32 -0.54 -1.88
Br -0.36 -0.56 -2.0
2,4,6-(Me)3C6H2 -0.39 -0.64
4-(MeO)C6H4 +1.54 -0.42 -0.65
4-(Ph2N)C6H4 +1.13 -0.44 -0.64
C6H5 +1.70 -0.44 -0.64
4-(Ph)C6H4 +1.65 -0.48 -0.74
1-naphthyl +1.75 -0.50 -0.77
2,5-(MeO)2C6H3 +1.60 +1.43 -0.54 -0.79
2,4-(MeO)2C6H3 +1.53 -0.57 -0.82

a Versus Ag/AgCl electrode. b Irreversible wave.
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for comparison. Most of the PDIs show one oxidation
wave and two reduction waves, similar to the results
reported in the literature.18 Figure 7 shows the correla-
tion plots of the orbital energies versus the E1/2 values of
the redox waves in the CV experiments. Reasonably good
linear correlations in both plots support the validity of
the above theoretical analysis.

Figure 8 shows the Hammett plots of the E1/2 (vs Ag/
AgCl) versus σ for phenyl-substituted PDIs 4c-4f and
4i. Substituent electronic effects are clearly observed on
the oxidation waves of substituted PDIs. A progressive
shift of the first oxidation potential to a low value was
observed when the electron-donating ability of the sub-
stituents was increased. The difference between the
oxidative E1/2 values of 4e and 4f is 0.29 V. A good
Hammett correlation of 1/λmax versus σ+ was observed for
the first four derivatives with a slope of Fabs ) 230 mV.
The correlation coefficient is 0.99. The linearity of the
plot against σ+ with the positive slope suggested that the
partial positive charge would be delocalized onto the
phenyl side chains. On the other hand, the E1/2 of 4i is

unusually low and away from the regression line. This
observation is in good agreement with our theoretical
prediction as well as the absorptive spectral data. It is
noteworthy to remember that the C6H4NPh2 units con-
tain a high-lying HOMO. Therefore, the C6H4NPh2 unit
should have major contribution to the HOMO of 4i.
Electrochemical oxidation would, therefore, occur on the
C6H4NPh2 units at particularly low oxidation potentials
that do not follow the trend of the Hammett plot.

Although one may consider the dimethoxy-substituted
phenyl groups as electron-rich substituents, the introduc-
tion of methoxy groups at the ortho position sterically
restricts the phenyl ring orthogonally to the perylene core
and hence partially offsets the electron-donating power
of the methoxy substituents. Therefore, the difference of
redox potentials of 4-(MeO)C6H4-, 2,5-(MeO)2C6H2-, and
2,4-(MeO)2C6H2-substituted PDIs 4f-4h is small.

On the the other hand, the variation of the reductive
half potentials of C6H5-, 4-(Ph)C6H4-, 4-(MeO)C6H4-, and
4-(Ph2N)C6H4-substituted PDIs is 0.06 V, a relatively
small value. Even the difference of the reductive E1/2

between 4e and 4f is only around 0.1 V. The slope of the
Hammett plot was found to be 104 mV with a correlation
coefficient of 0.87. A similar situation occurs on the
second reduction wave, indicating that the substituent
effects on the reduction potentials are small. The slope
of the Hammett plot was found to be 100 mV with a
correlation coefficient of 0.71. These results are in good
agreement with our theoretical prediction in which the
perturbation effects on the LUMO by substituents are
less.

In summary, we reported the salient substituent effects
on the photophysical and electrochemical properties of
the PDI core. PDI molecule 4i has unusual dual-band
absorption that spans from 450 to 750 nm. Application
of these molecules for solar cells and optoelectronics is
under investigation.

Experimental Section

Materials. Compound 2, Pd(PPh3)4, and Na2CO3 were
purchased from a commercial supplier. All other reagents and
solvents were of analytical or chemical grade and were purified
using standard methods.

Procedure for the UV-Vis Absorption and Fluores-
cence Measurements. UV-vis and fluorescence spectra were
collected between 200 and 900 nm for the compounds in CHCl3.
The quantum yields were measured by comparison against 1
as the standard. Compound 1 is known to have a quantum
yield of 1.10c

Procedures for Cyclic Voltammetric (CV) Measure-
ments. Electrochemical oxidation and reduction behavior of
4a-4i were measured by CV (0-1.5 V, 100 mV/s) in CH3CN
or CH3CN/CH2Cl2 (1:1) using Bu4NClO4 (0.1 M) or Bu4NPF6

(0.1 M) as the supporting electrolyte. The signals were
obtained on a glassy-carbon working electrode with a Pt wire
as the counter electrode and a Ag/AgCl (saturated) electrode
as the reference electrode.

Methods for Theoretical Calculations. Semiempirical
calculations were carried out by employing MM2 (Chem 3D)
for structural optimization and PM3 (Cauche Company) for
orbital analysis.

N,N′-Bis(2,6-diisopropylphenyl)-1,7-dibromoperylene-
3,4,9,10-tetracarboxydiimide (3).19 Perylene-3,4,9,10-tetra-
carboxylic dianhydride 2 (32.0 g, 81.4 mmol), iodine (0.77 g,
3.03 mmol), and sulfuric acid (98%, 450 mL) were premixed
and stirred for 2 h at room temperature. The reaction tem-

(18) (a) Lee, S. K.; Zu, Y.; Herrmann, A.; Geerts, Y.; Müllen, K.;
Bard, A. J. J. Am. Chem. Soc. 1999, 121, 3513-3520. (b) Lu, W.; Gao,
J. P.; Wang, Z. Y.; Qi, Y.; Sacripante, G. G.; Duff, J. D.; Sundararajan,
P. R. Macromolecules 1999, 32, 8880-8885.

FIGURE 7. Correlation plots of the PM3 HOMO and LUMO
energies versus the oxidation and the first reduction E1/2 values
from the CV experiments.

FIGURE 8. Hammett plot of E1/2 (vs Ag/AgCl) versus σ for
phenyl-substituted PDIs 4c-4f and 4i: (a) the first oxidation
wave, (b) the first reduction wave, and (c) the second reduction
wave. The σ+ values were used for Ph2N, MeO, and Ph groups
in the oxidation plot. The σ- value was used for CHO in the
reduction plots.
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perature was set at 80 °C, and bromine (9.2 mL, 180 mmol)
was added dropwise over 2 h. The mixture was reacted further
at 80 °C for 16 h. The reaction mixture was cooled to room
temperature, and the excess Br2 was displaced by nitrogen.
The product was precipitated by addition of ice-water and
collected by suction filtration. The precipitate was washed with
water several times until the aqueous layer became neutral
to yield dibromo dianhydride as a crude product. The crude
product was then dried under reduced pressure at 120 °C and
used for the next step without further purification.

The crude 1,7-dibromoperylene-3,4,9,10-tetracarboxylic di-
anhydride (80 g, 14.5 mmol), excess 2,6-diisopropylaniline (88
mL, 46.7 mmol), and acetic acid (46 mL) were mixed and
heated at 120 °C in NMP (1 L) under a nitrogen atmosphere
for 120 h. The product was precipitated by the addition of
water and collected by suction filtration. The crude product
was washed with water until neutral and dried. The crude
product was first purified by column chromatography on silica
gel using CH2Cl2 as the eluent to obtain a mixture of the
isomeric diimides. The mixture was washed with EtOH (300
mL) and toluene (300 mL) and then heated at 80 °C in toluene
(300 mL) for 12 h. The pure diimide was recrystallized from
the hot toluene solution. The crystals were collected through
hot filtration to provide an essentially pure orange compound,
3 (46 g, 36% overall yield): 1H NMR (400 MHz, CDCl3) δ 9.56
(d, J ) 8.0 Hz, 2H), 9.01 (s, 2 H), 8.79 (d, J ) 8.0 Hz, 2H),
7.50 (t, J ) 8.0 Hz, 2H), 7.35 (d, J ) 8.0 Hz, 4H), 2.73 (septet,
J ) 6.8 Hz, 4H), 1.18 (d, J ) 6.8 Hz, 24H); 13C NMR (100 MHz,
CDCl3) δ 162.8, 162.3, 145.4, 138.3, 133.3, 133.1, 130.5, 129.96,
129.75, 129.48, 128.8, 127.5, 124.1, 123.1, 122.7, 120.9, 29.4,
24.1, 24.1; HRFAB m/z 869.1422, calcd for C48H40Br2N2O4 m/z
866.1355.

A General Procedure for the Preparation of 1,7-
Ar2PDI. N,N′-Bis(2,6-diisopropylphenyl)-1,7-bis(2,4,6-tri-
methylphenyl)perylene-3,4,9,10-tetracarboxydiimide (4a).
A deaerated mixture of EtOH (8.2 mL), benzene (47 mL), and
H2O (23 mL) was added to a solid mixture of 3 (7.0 g, 8.1
mmol), 2,4,6-trimethylphenylboronic acid20 (10.6 g, 64.6 mmol),
Pd(PPh3)4 (466 mg, 5.0 mol %), and Na2CO3 (2.56 g, 24.2 mmol)
under nitrogen. The mixture was reacted at 80 °C for 120 h.
The reaction was quenched by the addition of water. The
mixture was extracted with CH2Cl2 several times. The com-
bined organic layer was dried over anhydrous MgSO4 and
concentrated under reduced pressure to provide a crude solid.
The crude solid was further purified by column chromatogra-
phy on silica gel using toluene/CH2Cl2 (1:1) as the eluent to
obtain 4a as an orange red solid (5.5 g, 72%): mp > 380 °C
dec; 1H NMR (400 MHz, CDCl3) δ 8.44 (s, 2H), 8.30 (d, J ) 8.0
Hz, 2H), 8.12 (d, J ) 8.0 Hz, 2H), 7.47 (t, J ) 7.6 Hz, 2H),
7.32 (d, J ) 7.6 Hz, 4H), 7.09 (s, 4H), 2.74 (septet, J ) 6.4 Hz,
4H), 2.42 (s, 6H), 2.03 (s, 12H), 1.15 (d, J ) 6.4 Hz, 24H); 13C
NMR (100 MHz, CDCl3) δ 163.4, 163.1, 145.5, 139.6, 138.8,
138.23, 136.1, 135.9, 134.0, 133.2, 130.9, 130.3, 130.0, 129.6,
128.5, 128.5, 127.0, 124.0, 122.6, 122.2, 29.3, 24.2, 21.4, 20.9;
HRFAB m/z 947.4796, calcd for C66H62N2O4 m/z 946.4710.
Anal. Calcd for C66H62N2O4: C, 83.69; H, 6.60; N, 2.96.
Found: C, 83.79; H, 6.42; N, 2.89.

syn- and anti-N,N′-Bis(2,6-diisopropylphenyl)-1,7-di-
naphth-1-ylperylene-3,4,9,10-tetracarboxydiimide (4b).
The reaction of 3 (3.0 g, 3.5 mmol), 1-naphthaleneboronic acid21

(4.76 g, 27.7 mmol), Pd(PPh3)4 (100 mg, 2.5 mol %), and
Na2CO3 (1.10 g, 10.4 mmol) in degassed EtOH (3.5 mL),
benzene (20 mL), and H2O (10 mL) under nitrogen at 80 °C
for 12 h followed by column chromatography purification on
silica gel using toluene/CH2Cl2 (1:1) as the eluent produced
4b (two conformational isomers, 1:1 ratio) as a red solid (2.7
g, 84%): mp > 390 °C dec; 1H NMR (400 MHz, CDCl3) δ 8.69,
8.67 (two conformers (1:1), s, 2H), 8.06-8.00 (m, 6H), 7.93-

7.90 (m, 2H), 7.85 (d, J ) 8 Hz, 1H), 7.79 (d, J ) 8.0 Hz, 1H),
7.69-7.39 (m, 10H), 7.28 (d, J ) 7.6 Hz, 4H), 2.73-2.66 (m,
4H), 1.15-1.07 (m, 24H); 13C NMR (100 MHz, CDCl3) δ 163.2,
163.1, 145.5, 145.4, 140.1, 140.0, 139.4, 139.2, 136.7, 136.6,
135.3, 135.2, 134.4, 134.3, 134.1, 134.0, 130.7, 130.5, 130.4,
130.3, 130.2, 129.5, 129.4, 129.2, 129.04, 128.97, 128.9, 128.6,
128.5, 127.5, 127.3, 127.1, 126.8, 126.72, 126.67, 126.44,
126.37, 124.7, 124.6, 123.9, 122.2, 122.0, 29.24, 29.22, 24.15,
24.10; HRFAB m/z 963.4158, calcd for C68H54N2O4 m/z 962.4084.
Anal. Calcd for C68H54N2O4: C, 84.80; H, 5.65; N, 2.91.
Found: C, 85.05; H, 5.75; N, 2.76.

N,N′-Bis(2,6-diisopropylphenyl)-1,7-diphenylperylene-
3,4,9,10-tetracarboxydiimide (4c). The reaction of 3 (3.0 g,
3.5 mmol), phenylboronic acid22 (3.38 g, 27.7 mmol), Pd(PPh3)4

(100 mg, 2.5 mol %), and Na2CO3 (1.10 g, 10.4 mmol) in
degassed EtOH (3.5 mL), benzene (20 mL), and H2O (10 mL)
at 80 °C for 8 h followed by column chromatographic purifica-
tion on silica gel using toluene/CH2Cl2 (1:1) as the eluent
produced 4c as a red solid (2.7 g, 90%): mp > 390 °C dec; 1H
NMR (400 MHz, CDCl3) δ 8.71 (s, 2H), 8.20 (d, J ) 8.0 Hz,
2H), 7.92 (d, J ) 8.0 Hz, 2H), 7.62 (dd, J ) 8.0, 1.6 Hz, 4H),
7.53-7.45 (m, 8H), 7.32 (d, J ) 8.0 Hz, 4H), 2.74 (septet, J )
6.8 Hz, 4H), 1.15 (m, 24H); 13C NMR (100 MHz, CDCl3) δ
163.27, 163.24, 145.4, 141.9, 141.27, 135.7, 135.2, 132.9, 130.4,
130.3, 130.2, 129.9, 129.5, 129.5, 128.9, 128.7, 128.3, 124.0,
122.2, 121.8, 29.3, 24.2, 24.1; HRFAB m/z 863.3862, calcd for
m/z C60H50N2O4 862.3771. Anal. Calcd for C60H50N2O4: C,
83.50; H, 5.84; N, 3.25. Found: C, 83.54; H, 5.63; N, 3.17.

N,N′-Bis(2,6-diisopropylphenyl)-1,7-bis(biphenyl-4-yl)-
perylene-3,4,9,10-tetracarboxydiimide (4d). The reaction
of 3 (3.0 g, 3.5 mmol), biphenyl-4-boronic acid23 (5.48 g, 27.7
mmol), Pd(PPh3)4 (100 mg, 2.5 mol %), and Na2CO3 (1.10 g,
10.4 mmol) in degassed EtOH (3.5 mL), benzene (20 mL), and
H2O (10 mL) under nitrogen at 80 °C for 12 h followed by
column chromatographic purification on silica gel using toluene/
CH2Cl2 (1:1) as the eluent produced 4d as a red solid (91%,
3.2 g): mp > 390 °C dec; 1H NMR (400 MHz, CDCl3) δ 8.76
(s, 2H), 8.24 (d, J ) 8.0 Hz, 2H), 8.09 (d, J ) 8.0 Hz, 2H),
7.79-7.70 (m, 12H), 7.51-7.45 (m, 6H), 7.40 (t, J ) 8.0 Hz,
2H), 7.33 (d, J ) 8.0 Hz, 4H), 2.76 (septet, J ) 6.8 Hz, 4H),
1.81-1.15 (m, 24H); 13C NMR (100 MHz, CDCl3) δ 163.3, 163.2,
145.4, 141.5, 140.9, 140.8, 139.8, 135.8, 135.3, 132.9, 130.4,
130.3, 123.0, 129.6, 129.54, 129.47, 128.9, 128.8, 128.3, 127.8,
127.0, 124.0, 122.3, 121.9, 29.3, 24.2, 24.1; HRFAB m/z
1015.4472, calcd for C72H58N2O4 m/z 1014.4397. Anal. Calcd
for C60H50N2O4: C, 85.18; H, 5.78; N, 2.76. Found: C, 85.04;
H, 5.78; N, 2.89.

N,N′-Bis(2,6-diisopropylphenyl)-1,7-di(4-formylphenyl)-
perylene-3,4,9,10-tetracarboxydiimide (4e). The reaction
of 3 (3.0 g, 3.5 mmol), 4-formylphenylboronic acid24 (4.15 g,
27.7 mmol), Pd(PPh3)4 (100 mg, 2.5 mol %), and Na2CO3 (1.10
g, 10.4 mmol) in degassed EtOH (3.5 mL), benzene (20 mL)
and, H2O (10 mL) under nitrogen at 80 °C for 96 h followed
by column chromatographic purification on silica gel using
CH2Cl2 as the eluent produced 4e as a red solid (2.3 g, 72%):
mp > 380 °C dec; 1H NMR (400 MHz, CDCl3) δ 10.14 (s, 2H),
8.72 (s, 2H), 8.24 (d, J ) 8.4 Hz, 2H), 8.07 (d, J ) 8.4 Hz, 4H),
7.85 (t, J ) 8.4 Hz, 6H), 7.48 (t, J ) 7.6 Hz, 2H), 7.34 (d, J )
7.6 Hz, 4H), 2.73 (septet, J ) 6.8 Hz, 4H), 1.20-1.15 (m, 24H);
13C NMR (100 MHz, CDCl3) δ 191.1, 163.0, 162.9, 147.8, 145.4,
139.9, 136.0, 135.2, 134.6, 132.9, 131.4, 130.8, 130.2, 130.1,
129.9, 129.7, 129.3, 128.5, 124.0, 122.6, 122.3, 29.3, 24.2, 24.1;
HRFAB m/z 919.3757, calcd for m/z C62H50N2O6 918.3669.
Anal. Calcd for C62H50N2O6: C, 81.02; H, 5.48; N, 3.05.
Found: C, 80.80; H, 5.56; N, 2.85.

(19) Hofkens, J.; Vosch, T.; Maus, M.; Kohn, F.; Cotlet, M.; Weil,
T.; Herrmann, A.; Müllen, K.; De Schryver, F. C. Chem. Phys. Lett.
2001, 333, 255-263.

(20) Wipf, P.; Jung, J.-K. J. Org. Chem. 2000, 65, 6319-6337.

(21) Faraoni, M. B.; Koll, L. C.; Mandolesi, S. D.; Zúòiga, A. E.;
Podestá, J. C. J. Organomet. Chem. 2000, 613, 236-238.

(22) Seaman, W.; Johnson, J. R. J. Am. Chem. Soc. 1931, 53, 711-
723.

(23) Ishida, T.; Mizutani, W.; Choi, N.; Akiba, U.; Fujihira, M.;
Tokumoto, H. J. Phys. Chem. B 2000, 104, 11680-11688.

(24) Park, K. C.; Yoshino, K.; Tomiyasu, H. Synthesis 1999, 12,
2041-2044.
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N,N′-Bis(2,6-diisopropylphenyl)-1,7-bis(4-methoxyphen-
yl)perylene-3,4,9,10-tetracarboxydiimide (4f). The reac-
tion of 3 (3.0 g, 3.5 mmol), 4-methoxyphenylboronic acid25 (4.21
g, 27.7 mmol), Pd(PPh3)4 (100 mg, 2.5 mol %), and Na2CO3

(1.10 g, 10.4 mmol) in degassed EtOH (3.5 mL), benzene (20
mL), and H2O (10 mL) under nitrogen at 80 °C for 8 h followed
by column chromatographic purification on silica gel using
toluene/CH2Cl2 (2:3) as the eluent produced 4f as a red solid
(2.1 g, 66%): mp > 380 °C dec; 1H NMR (400 MHz, CDCl3) δ
8.69 (s, 2H), 8.22 (d, J ) 8.0 Hz, 2H), 7.99 (d, J ) 8.0 Hz, 2H),
7.54 (d, J ) 8.4 Hz, 4H), 7.47 (t, J ) 8.0 Hz, 2H), 7.32 (d, J )
8.0 Hz, 4H), 7.02 (d, J ) 8.4 Hz, 4H), 3.91(s, 6H), 2.74 (septet,
J ) 6.8 Hz, 4H), 1.17-1.14 (m, 24H); 13C NMR (100 MHz,
CDCl3) δ 163.4, 163.3, 160.0, 145.4, 140.9, 135.8, 135.5, 134.2,
132.8, 130.4, 130.3, 129.8, 129.7, 129.7, 129.5, 128.2, 124.0,
122.1, 121.6, 115.6, 55.5, 29.3, 24.2, 24.1; HRFAB m/z
923.4080, calcd for C62H54N2O6 m/z 922.3982. Anal. Calcd for
C62H54N2O6: C, 80.67; H, 5.90; N, 3.03. Found: C, 80.49; H,
5.92; N, 2.99.

syn- and anti-N,N′-Bis(2,6-diisopropylphenyl)-1,7-bis-
(2,4-dimethoxyphenyl)perylene-3,4,9,10-tetracarboxydi-
imide (4g). The reaction of 3 (4.0 g, 4.6 mmol), 2,4-
dimethoxyphenylboronic acid26 (5.04 g, 27.7 mmol), Pd(PPh3)4

(133 mg, 2.5 mol %), and Na2CO3 (1.47 g, 13.5 mmol) in
degassed EtOH (4.7 mL), benzene (26.6 mL), and H2O (13.3
mL) under nitrogen at 80 °C for 16 h followed by column
chromatographic purification on silica gel using toluene/
CH2Cl2 (2:3) as the eluent produced 4g (two conformational
isomers, 1:1 ratio) as a red solid (3.2 g, 70%): mp > 360 °C
dec; 1H NMR (400 MHz, CDCl3) δ 8.66 (s, 2H), 8.26 (d, J ) 8.0
Hz, 2H), 8.11-8.08 (m, 2H), 7.47 (t, J ) 8.0 Hz, 2H), 7.35-
7.27 (m, 6H), 6.67-6.62 (m, 4H), 3.92, 3.19 (two s, 6H), 3.70,
3.65 (two s, 6H), 2.78-2.72 (m, 4H), 1.19-1.14 (m, 24H); 13C
NMR (100 MHz, CDCl3) δ 163.6, 163.4, 161.5, 156.8, 156.6,
145.5, 145.5, 137.1, 137.0, 136.8, 136.2, 136.1, 134.0, 131.1,
131.0, 130.5, 130.0, 129.4, 128.8, 128.8, 128.2, 128.2, 127.9,
127.7, 123.94, 123.91, 123.7, 121.8, 121.7, 121.6, 106.4, 99.80,
99.75, 55.9, 55.7, 55.6, 29.2, 24.2, 24.13, 24.11, 24.06; HRFAB
m/z 983.4292, calcd for C64H58N2O8 m/z 982.4193. Anal. Calcd
for C64H58N2O8: C, 78.19; H, 5.95; N, 2.85. Found: C, 77.83;
H, 5.97; N, 3.00.

syn- and anti-N,N′-Bis(2,6-diisopropylphenyl)-1,7-bis-
(2,5-dimethoxyphenyl)perylene-3,4,9,10-tetracarboxydi-
imide (4h). The reaction of 3 (3.0 g, 3.5 mmol), 2,5-
dimethoxyphenylboronic acid27 (3.78 g, 20.8 mmol), Pd(PPh3)4

(100 mg, 2.5 mol %), and Na2CO3 (1.10 g, 10.4 mmol) in
degassed EtOH (3.5 mL), benzene (20 mL), and H2O (10 mL)
under nitrogen at 80 °C for 16 h followed by column chro-
matographic purification on silica gel using toluene/CH2Cl2 (2:
3) as the eluent produced 4h (two conformational isomers, 1:1
ratio) as a dark red solid (2.5 g, 71%,): mp > 350 °C dec; 1H
NMR (400 MHz, CDCl3) δ 8.64 (s, 2H), 8.27 (d, J ) 8.4 Hz,
2H), 8.10-8.07 (m, 2H), 7.46 (t, J ) 7.6 Hz, 2H), 7.31 (d, J )
7.6 Hz, 4H), 7.01-6.93 (m, 6H), 3.81-3.62 (four s from two
different conformational isomers at 3.81 (s, 3H), 3.79 (s, 3H),
3.66 (s, 3H), 3.62 (s, 3H)), 2.78-2.70 (m, 4H), 1.18-1.13 (m,
24H); 13C NMR (100 MHz, CDCl3) δ 163.5, 163.3, 154.7, 154.7,
149.8, 149.6, 145.5, 145.5, 137.00, 136.95, 136.3, 135.8, 135.7,
133.9, 131.92, 131.87, 130.4, 130.3, 129.5, 128.7, 128.6, 128.4,
128.3, 128.2, 123.9, 121.93, 121.87, 116.3, 116.2, 114.4, 114.2,
113.2, 113.1, 56.4, 56.3, 56.0, 55.9, 29.24, 29.21, 24.18, 24.15,
24.1; HRFAB m/z 983.4260, calcd for m/z C64H58N2O8 982.4193.
Anal. Calcd for C64H58N2O8: C, 78.19; H, 5.95; N, 2.85.
Found: C, 77.91; H, 6.03; N, 2.64.

N,N′-Bis(2,6-diisopropylphenyl)-1,7-bis(4-diphenylami-
no)phenylperylene-3,4,9,10-tetracarboxydiimide (4i). The
reaction of 3 (3.0 g, 3.5 mmol), 4-(diphenylamino)phenylboronic
acid28 (8.01 g, 27.7 mmol), Pd(PPh3)4 (100 mg, 2.5 mol %), and
Na2CO3 (1.10 g, 10.4 mmol) in degassed EtOH (3.5 mL),
benzene (20 mL), and H2O (10 mL) under nitrogen at 80 °C
for 72 h followed by column chromatographic purification on
silica gel using toluene as the eluent produced 4i as a dark
purple solid (2.47 g, 60%): mp > 400 °C dec; 1H NMR (400
MHz, CDCl3) δ 8.83 (s, 2H), 8.41 (d, J ) 8.0 Hz, 2H), 8.23 (d,
J ) 8.0 Hz, 2H), 7.56-7.52 (m, 6H), 7.42-7.35 (m, 14H), 7.29-
7.25 (m, 10H), 7.12 (t, J ) 7.6 Hz, 4H), 2.73 (septet, J ) 6.8
Hz, 4H), 1.26-1.24 (m, 24H); 13C NMR (100 MHz, CDCl3) δ
162.90, 162.88, 148.1, 146.6, 145.1, 140.6, 135.3, 134.6, 132.4,
130.1, 129.7, 129.5, 129.4, 129.22, 129.19, 129.1, 128.8, 128.0,
124.7, 123.7, 123.6, 123.3, 121.8, 121.4, 29.5, 24.42, 24.37;
HRFAB m/z 1197.5306, calcd for C84H68N4O4 m/z 1196.5241.
Anal. Calcd for C84H68N4O4: C, 84.25; H, 5.72; N, 4.68.
Found: C, 83.90; H, 5.78; N, 4.96.
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