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Abstract: A series of perylene tetracar-
boxylic acid bisimides 3 a ± e bearing
3,4,5-tridodecyloxyphenyl substituents
on the imide N atoms and zero, two, or
four phenoxy-type substituents in the
bay positions of the perylene core were
synthesized. From investigations of their
spectroscopic properties and aggrega-
tion behavior in low-polarity solvents by
absorption and fluorescence optical
spectroscopy, not only were these com-
pounds found to form fluorescent J-type
aggregates, but also binding constants

for aggregation could be derived which
reflect the number and steric demand of
the phenoxy substituents for bisimides
3 a ± d. In the pristine state, 3 a ± d form
thermotropic hexagonal columnar mes-
ophases which exist over a broad tem-
perature range from below ÿ30 8C to
over 300 8C. For the tetraphenoxy-sub-

stituted compound 3 e, however, a lay-
ered crystalline structure was found.
This difference in behavior can be
explained by the concept of microphase
segregation of the aromatic cores of the
molecules and the alkyl chains at the
periphery. The high stability and bright
fluorescence of the mesophase of sev-
eral of the compounds make them
promising for applications as polarizers
or components in (opto)electronic devi-
ces.
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Introduction

The formation of structurally defined assemblies of functional
building blocks with distinctive optical and electrochemical
properties offers great opportunities for preparing new
materials.[1] Thus, by control of the noncovalent interactions
of photo- and redox-active dye molecules, extended super-
structures up to mesophase materials may be derived.
Recently we have investigated the hierarchical self-organiza-
tion of core-substituted perylene bisimide ± melamine assem-
blies by hydrogen bonding and p ± p interactions to meso-
scopic fluorescent strands.[2] With the original intention of
studying the influence of the substituents on the perylene core
on these p ± p interactions, we synthesized a series of five
perylene bisimide dyes bearing mesogenic 3,4,5-tridodecyloxy-
phenyl substituents[3] at the imide N atoms and different

numbers (0, 2, 4) of phenoxy substituents in the bay regions of
the perylene core. We discovered that four of these com-
pounds formed hexagonal columnar mesophases over a very
broad range of temperature. Until now, only a few thermo-
tropic[4] and lyotropic[5] liquid-crystalline (LC) perylene
bisimides have been described, none of which bears substitu-
ents in the bay positions. Other mesogenic perylene deriva-
tives comprise Diels ± Alder adducts of 3,5-dioxotriazoles
with dialkylperylenes[6] and coronene bisimides.[7]

In this contribution we report on the spectroscopic and
electrochemical properties of the new perylene bisimide dyes
3 a ± e (Scheme 1), their aggregation in low-polarity solvents,
and their thermotropic behavior in the pristine state as
investigated by absorption and fluorescence optical spectros-
copy, optical polarization microscopy (OPM), differential
scanning calorimetry (DSC), and X-ray scattering. From these
experiments, J-type fluorescent aggregates and thermotropic
columnar mesophases were found to exist over a broad
temperature range from below ÿ30 8C to over 300 8C.

Results

Perylene bisimides 3 a ± e were synthesized in good yields
from the corresponding bisanhydrides 1 a ± e[8] by condensa-
tion with 3,4,5-tridodecyloxyaniline (2)[9] in quinoline with
zinc acetate as a Lewis acid catalyst (Scheme 1). Purification
was achieved either by dissolving the crude product in
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Scheme 1. Synthesis of perylene bisimides 3a ± e. a) Zinc acetate, quino-
line, Ar, 180 8C, 3 h, 69 ± 98 %.

dichloromethane and precipitating it by adding methanol, or
by column chromatography.

The absorption spectra of 3 a ± e are characteristic for
perylene bisimides bearing zero, two, or four phenoxy
substituents in the bay positions, respectively (Figure 1). For
the unsubstituted perylene bisimide 3 a an absorption max-
imum at 527 nm with a strongly pronounced vibronic fine
structure is observed which belongs to the electronic S0 ± S1

transition, with a transition dipole moment along the long

Figure 1. UV/Vis absorption and fluorescence spectra of perylene bis-
imides 3 a (dotted line), 3 b (broken line) and 3c (solid line) in CH2Cl2. The
excitation wavelength was 510 nm (3 b) and 530 nm (3 c).

molecular axis. The introduction of an increasing number of
phenoxy substituents in the bay positions of the perylene core
leads to a bathochromic shift of the absorption maximum to
546 nm for 3 b and 574 ± 583 nm for 3 c ± e. According to AM1
calculations and the crystal structure of a related dye,[10] these
phenoxy substituents induce a twisting of the two naphthalene
subunits in the perylene core by about 158 for two substituents
(3 b) and 258 for four substituents (3 c ± e). The resulting loss
of planarity and rigidity of the perylene bisimide chromo-
phore causes considerable line broadening and a less pro-
nounced vibronic fine structure. For an increasing number of
phenoxy substituents, a second absorption band evolves at
lower wavelengths which is attributed to the electronic S0 ± S2

transition with a transition dipole moment perpendicular to
the long molecular axis.[11] The good agreement of the peak
positions and extinction coefficients for 3 a ± e with those
observed for perylene bisimides bearing other substituents on
the imide nitrogen is explained by the presence of nodes in the
HOMO and LUMO at this position.[12]

Surprisingly, the fluorescence quantum yields for 3 a ± e are
not close to unity as for most perylene bisimides, but much
lower (Table 1). For bisimide 3 a, no fluorescence is ob-
served,[13] whereas for 3 b ± e the fluorescence quantum yield
increases with the number and electron donor quality of the
phenoxy substituents. The fluorescence peaks obtained for the
fluorescent perylene bisimides 3 b ± e in dichloromethane are
mirror images of the S0 ± S1 absorption band. Their peak
positions and vibronic fine structure correspond well to those

Abstract in German: Die Synthese von fünf Perylentetracar-
bonsäurebisimiden (3a ± e) mit 3,4,5-Tridodecyloxyphenyl-
Substituenten an den Imid-Stickstoffatomen und einer unter-
schiedlichen Anzahl (0, 2, 4) verschiedener Phenoxy-Sub-
stituenten in den ¹Bayª-Positionen des Perylengrundgerüsts
wird beschrieben. Die optischen Eigenschaften und das
Aggregationsverhalten dieser Farbstoffe in unpolaren Lö-
sungsmitteln wurden durch UV/Vis-Absorptions- und Fluores-
zenzspektroskopie charakterisiert, welche die Ausbildung
fluoreszierender J-Aggregate belegen. Darüberhinaus konnten
die Bindungskonstanten für den Aggregationsprozeû bestimmt
werden, die die Anzahl und den sterischen Anspruch der
Phenoxysubstituenten in Verbindung 3a ± d widerspiegeln. In
Substanz bilden die Bisimide 3a ± d thermotrope hexagonale
columnare Mesophasen, die über einen breiten Temperaturbe-
reich von unter ÿ30 8C bis über 300 8C stabil sind. Für die
tetraphenoxy-substituierte Verbindung 3e wurde hingegen eine
kristalline Schichtstruktur gefunden. Dieser Unterschied kann
durch das Konzept der Mikrophasen-Segregation der aromati-
schen Grundgerüste der Moleküle und der Alkylgruppen an
der Peripherie erklärt werden. Die hohe Stabilität und die
intensive Fluoreszenz einiger dieser Verbindungen, auch in der
Mesophase, erscheinen vielversprechend für Anwendungen als
Polarisatoren oder in (opto)elektronischen Bauelementen.

Table 1. Peak positions of absorption (la) and emission (le) maxima
(CH2Cl2), fluorescence quantum yields (Ff, CH2Cl2), binding constants K
(MCH, methylcyclohexane) and Gibbs binding energies DG 0

298 (MCH) for
perylene bisimides 3 a ± e.

compound la [nm] le [nm] Ff K [L molÿ1] ÿDG 0
298 [kJ molÿ1]

3a 527 ± 0 1.5� 107 40.9
3b 546 578 0.02 6.3� 105 33.1
3c 580 616 0.21 1.2� 105 29.0
3d 583 617 0.23 9.0� 103 22.6
3e 574 609 0.08 1.2� 104 23.3
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of known perylene bisimides with a similar substitution
pattern at the bay positions.[7, 8, 11, 14]

Further insight into the electronic properties of these dyes
was gained by cyclic voltammetry. Two reversible reduction
waves were detected at potentials of ÿ0.98 and ÿ1.19 V
versus Fc/Fc� (Fc� ferrocene) for 3 a and at about ÿ1.1 and
ÿ1.3 V for 3 b ± e (Table 2). These values are in good agree-

ment with literature data for perylene bisimides with zero and
four phenoxy substituents in the bay positions;[15] this also
reflects the greater electron density at the perylene core for
3 b ± e than for 3 a. All the compounds investigated underwent
an irreversible oxidation at potentials above �0.9 V (vs. Fc/
Fc�) which we attribute to oxidation of the trialkoxyphenyl
substituents. For 3 b ± e, this signal was superimposed by a
reversible oxidation peak at �1.05 V for 3 b and about
�0.85 ± 0.9 V for 3 c ± e which stems from the formation of
the perylene bisimide radical cation.[15]

The evidence of facile oxidation of the tridodecyloxyphenyl
groups and the influence of the number of phenoxy substitu-
ents on the redox potentials of the perylene bisimide core
could explain the observed fluorescence properties. Thus, if
the HOMO is located on the trialkoxyphenyl subunit (as in 3 a
and 3 b) photo-excitation of the perylene bisimide chromo-
phore might be followed by a rapid intramolecular electron
transfer leading to a nonemissive charge-separated excited
state. For the more electron-rich tetraphenoxy-substituted
perylene bisimides 3 c ± e (HOMO on the perylene bisimide
core), however, fluorescence from the excited singlet state of
the chromophore is observed. From the rotational mobility of
the trialkoxyphenyl unit we assume a broad distribution for its
energy levels due to different degrees of electronic coupling to
the imide N atoms for different twisting angles. Therefore the
changes observed in the fluorescence quantum yields are
quite smooth, rather than abrupt, for the series 3 a ± e.

In contrast to their behavior in aromatic and chloroali-
phatic solvents, strong aggregation of these perylene bisimide
dyes takes place in low-polarity environments. The aggrega-
tion of 3 a ± e was studied in detail by UV/Vis absorption and
fluorescence spectroscopy of methylcyclohexane (MCH)
solutions, which revealed pronounced changes of the optical
properties upon changing concentration (Figure 2). For 3 a
and 3 b (zero and two substituents in the bay region), strong
p ± p interactions led to an almost complete loss of fine struc-
ture. The absorption spectra of the aggregated dyes agreed

Figure 2. Concentration-dependent UV/Vis absorption spectra in MCH
for a) 3 a (concentration range 10ÿ7 ± 10ÿ5m) and b) 3 c (concentration
range 5� 10ÿ7 ± 10ÿ4m). Arrows indicate the direction of change with
increasing concentration. Dotted lines represent spectra for the free and
the aggregated chromophore calculated from the respective data set.

remarkably well with those reported by Graser and Hädicke
for red perylene bisimide pigments in the crystalline state.[16]

However, in the case of four phenoxy substituents (3 c ± e), the
absorption spectra revealed less dramatic changes upon aggre-
gation: The absorption maxima were red-shifted by about
20 nm, and aggregation-induced line broadening was ob-
served, while the fine structure remained essentially the same.

For 3 a ± d, the transition from free to p ± p-stacked
chromophores occurred at an increasing range of concentra-
tions, which reflects the number and the steric demand of the
substituents on the perylene core (Figure 3). Thus the

Figure 3. Fraction of aggregated molecules Xagg. for perylene bisimides
3a ± e and average number of molecules per aggregate n as a function of the
concentration in MCH. The curves were calculated by fitting the apparent
extinction coefficients at the given wavelengths to the isodesmic or equal-K
model (see Experimental Section). The aggregate size was estimated using
Carothers� equation.

strongest aggregation was observed for the unsubstituted
perylene bisimide 3 a, followed by 3 b bearing two tert-
butylphenoxy substituents in the bay region. Increasing steric
demand as imparted by four tert-butylphenoxy groups led to

Table 2. Electrochemical properties of perylene bisimides 3 a ± e in
CH2Cl2. Scan rate 0.1 Vsÿ1, concentration �10ÿ3 mol Lÿ1, supporting
electrolyte NBu4PF6 (0.1 mol Lÿ1).

E1/2 [V vs. Fc/Fc�]
Compound Xÿ/X2ÿ X/Xÿ X/X� Irrev. ox.

3a ÿ 1.19 ÿ 0.98 ± > 0.9
3b ÿ 1.29 ÿ 1.11 1.05 > 0.9
3c ÿ 1.25 ÿ 1.09 0.88 > 0.9
3d ÿ 1.30 ÿ 1.12 0.86 > 0.9
3e ÿ 1.30 ÿ 1.10 0.89 > 0.9
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even lower aggregation. Within the series 3 c ± e, bearing four
phenoxy substituents of different bulkiness, however, the
results did not follow our expectations. Bisimide 3 e, which we
intuitively expected to aggregate at concentrations between
those for 3 b and 3 c, did not fit into the series and exhibited a
much lower propensity towards p ± p stacking. These obser-
vations were also matched by quantitative evaluation of the
data (binding constants K and Gibbs free energies DG0

298�,
achieved by fitting the data from the UV/Vis dilution studies
to the isodesmic or equal-K model (Table 1) by nonlinear
least-squares regression analysis (see Experimental Sec-
tion).[17] The applied model assumes equal binding constants
for all binding events to a one-dimensional columnar aggre-
gate of equal components independently of the size of the
aggregates, and has been applied successfully to the stacking
of aromatic compounds in solution.[18] The highest binding
constant is obtained for 3 a (about 107 L molÿ1); this is more
than three orders of magnitude larger than that determined
for 3 d and 3 e (about 104 L molÿ1). From the goodness-of-fit

Figure 4. Normalized concentration-dependent fluorescence spectra of 3 c
in MCH. Arrows indicate the direction of change with increasing
concentration (concentration range 5� 10ÿ7 ± 10ÿ4m). The broken line
represents the emission spectrum from a thin film of 3c on a quartz glass
slide. Inset: dependence of the fluorescence intensity Ifl (corrected with
respect to the absorption change at the excitation wavelength) on the
concentration. The data points are connected with a curve calculated by
application of Beer�s law to the excitation light in the sample.[20] Excitation
wavelength for all spectra: 530 nm.

(Figure 3), we conclude that the behavior of 3 a ± e is very well
described by this model, and that aggregate formation occurs
noncooperatively: that is, no or little change is observed in the
binding constants with increasing aggregate size.[19]

Fluorescence spectroscopy of the same MCH solutions of
3 b ± e showed a significant red shift (about 40 nm) of the
emission maxima upon aggregation, with almost unaltered
fine structures (Figure 4). Also, the spectra recorded from
thin films on quartz glass slides closely resembled those
obtained for concentrated solutions. An almost linear depend-
ence of the fluorescence intensity on the concentration was
observed after correction for the absorption change at the
excitation wavelength. The deviation from linearity at higher
concentrations could be described fully by the application of

Beer�s law to the excitation light in the sample (Figure 4,
inset);[20] this indicates that the spectral changes are not
merely reabsorption phenomena and that aggregation has a
negligible influence on the fluorescence quantum yield Ff.
This is a remarkable result, because aggregation often opens
up new pathways for quenching of the excitation energy; this
can be observed for many extended p systems, including other
perylene bisimide derivatives in the solid state.[21]

The thermotropic properties of 3 a ± e were investigated by
OPM and DSC. For 3 a ± d only one phase was found between
ÿ30 8C and the clearing point, whereas for 3 e several
crystalline phases were detected. Phase transition temper-
atures and associated enthalpy values for 3 a ± d are given in
Table 3. When 3 a and 3 c were cooled from the isotropic liquid

state, a spherulitic texture which is typical for columnar
mesophases was observed between crossed polarizers. Com-
pounds 3 b and 3 d exhibited lower clearing points, and
beautiful textures were obtained, reminiscent of fabrics or
ferns (Figure 5). The viscosity of the LC phases increased
considerably on further cooling, but no changes in the textures
were observed and no glass transition could be detected by
DSC. Even after six months at room temperature, no
crystallization took place.

The molecular order within the LC mesophases was
determined by X-ray diffraction. For 3 a ± d, the X-ray
diffraction pattern was characterized by a diffuse halo in the
wide-angle region corresponding to 4 ± 5 � which is usually
attributed to disordered alkyl chains. In the small-angle
region, the unsubstituted perylene bisimide 3 a exhibited only
one sharp scattering, so a particular mesophase could not be
assigned to this compound (Figure 6a). However, a diffraction
pattern of an oriented sample of 3 a revealed a hexagonal
arrangement of the first-order reflections which confirmed a
hexagonal columnar mesophase Colh (Figure 6b). Perylene
bisimides 3 b and 3 c showed two distinct scatterings in the
small-angle region with a position ratio of 1:30.5, whereas for
3 d three peaks at 1:30.5 :2 were observed. Therefore, a
hexagonal columnar lattice can be assigned to these com-
pounds also. As 3 b and 3 d exhibited an additional sharp
scattering in the wide-angle region corresponding to an
intracolumnar distance of 3.7 and 4.5 �, respectively, an
ordered hexagonal columnar mesophase Colho prevails in
these compounds, whereas the absence of this peak implies a
disordered hexagonal columnar mesophase Colhd in 3 a,c
(Figure 6). This difference is also manifest in the similarity of
the clearing points and optical textures under crossed polar-
izers for 3 a,c and 3 b,d, respectively. The lattice parameter ahex

Table 3. Phase transition temperatures T [8C] and transition enthalpies
DHt [kJ molÿ1] (in brackets) for perylene bisimides 3a ± d.

Compound T [8C] (DHt [kJ molÿ1])

3a Colhd 373 (8.9) I
3b Colho 283 (6.2) I
3c Colhd 346 (15.0) I
3d Colho 283 (23.9) I
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decreases progressively from
3 a to 3 d, from 32.5 to 28.7 �
(Table 4).

The X-ray diffraction pattern
of 3 e at room temperature also
exhibited a diffuse halo in the
wide-angle region, where it was
superimposed by several sharp-
er reflections. At lower angles,
three distinct scatterings were
observed (position ratio 1:2:3).
Hence, we conclude that a
highly disordered crystalline
layered structure prevails in
3 e, with a layer spacing of
about 16 �.

Discussion

Once the occurrence of colum-
nar mesophases has been estab-
lished for 3 a ± d, the question
arises of how the molecules are
packed within these superstruc-
tures, especially since the hex-

agonal lattice constants ahex are quite small (Table 4) com-
pared with the molecular dimensions and decrease even
further with increasing steric demand of the bay substituents.
As estimated from molecular modeling (CAChe 3.2 MM2
force field),[22] the long molecular axis of 3 a ± e amounts to
54 �, with the alkyl chains in an all-trans conformation. The
difference in behavior between 3 e and 3 a ± d is also of
interest.

To address these questions the typical procedure is to
develop a packing model for the columnar mesophase and
then match it with crystallographic and spectroscopic data.
For the packing of flat aromatic molecules, a set of rules
established by Hunter and Sanders[23] has been used success-
fully to describe the behavior of discotic liquid crystals.[24]

As these authors pointed out, for highly polar compounds
such as the given bisimides, charge ± charge interactions
have a dominating influence on the packing geometry.
Calculation of the electrostatic surface potential for 3 a ± e
(PC SPARTAN Pro, AM1 force field)[25] reveals an alternat-
ing pattern of distinct areas of negative potential at the

Figure 5. Optical textures of the hexagonal columnar mesophases of a) 3a and b) 3b, as obtained by cooling from
the isotropic melt (crossed polarizers) at room temperature. Image size: a) 0.70 mm� 0.46 mm, b) 1.40 mm�
0.92 mm.

Figure 6. Top: X-ray diffraction patterns of 3 a ± e after heating them
above the clearing point and cooling to room temperature. Bottom: X-ray
diffraction pattern of an oriented sample of 3 a, showing a hexagonal
arrangement of the first-order diffraction peaks.

Table 4. Hexagonal lattice parameter ahex [�] and intracolumnar repeat
distance c [�] for perylene bisimides 3a ± d and layer spacing d [�] for
perylene bisimide 3 e as determined from X-ray scattering at ambient
temperature.

Compound Mesophase ahex [�][a] c [�]

3a Colhd 32.5 ±
3b Colho 29.3 3.7
3c Colhd 29.0 ±
3d Colho 28.7 4.5
3e K 15.6 ±

[a] 3e : d [�].
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trioxyphenyl unit and the imide oxygens and of positive
potential in the perylene core. Consequently, for adjacent
p ± p stacked molecules, repulsion between like charges and
attractive interactions between unlike charges afford rota-
tional offsets within the column and/or offsets along the long
molecular axis (Figure 7). In the case of flat perylene
bisimides such as 3 a, both displacements are indeed observed
in single crystals of related perylene bisimide dyes.[16] As a
hexagonal columnar LC phase requires a circular column
cross-section, we favor the model of rotational disorder
around the column axis for 3 a in order to compensate for the
very different dimensions of its short (9 �) and long (54 �)
molecular axes.

For 3 b ± e, the phenoxy substituents in the bay positions
afford much more circular central units although, because of
their bulkiness, these phenoxy substituents prevent close
contacts of the p systems without longitudinal (or transverse)
offsets between adjacent molecules. To estimate this steric
influence, the following calculations were performed. Two
geometry-optimized molecules (CAChe 3.2, MM2 force
field;[22] the dodecyl chains were reduced to methyl groups)
kept in a rigid conformation were oriented in a parallel
manner. One molecule was held at a fixed position in space,
while the other was moved over it in the longitudinal and
transverse direction at a distance of 3.7 � for 3 b and 4.7 � for
3 c ± e. For all compounds, the energy minimum was found for
a longitudinal offset varying from 4.2 � (corresponding to one
benzene ring) for 3 b to 6 � for 3 d, and a transverse slip close
to zero. Different starting geometries led to the same
minimum. To assign the minimum energy conformation, a
geometry optimization (CAChe 3.2, MM2 force field) was
performed again, which left the longitudinal and transverse
slip essentially unchanged. The calculated distance between
the perylene cores varied with the increasing steric demand of
the phenoxy substituents in the bay positions from 3.7 � (3 b)
to 4 ± 5 � (3 c ± e), with the phenoxy substituents of the upper
molecule filling the space between those of the lower one.
These values are in excellent agreement with those obtained
from X-ray diffraction for the intracolumnar repeat distance c
of 3 b (3.7 �) and 3 d (4.5 �). From the longitudinal offset, a
tilted stacking of the molecules can be expected at 35 ± 458 to

the column axis (Figure 7). This tilted arrangement of the
perylene bisimides within the column implies a lower aspect
ratio of the column cross-section, which favors the formation
of hexagonal mesophases (as observed for 3 a ± d) rather than
rectangular or oblique mesophases.

The difference in behavior of 3 e can be explained by the
concept of microphase segregation.[26] For 3 a ± d, no addi-
tional lateral p ± p interactions are possible for the columnar
aggregates, because the alkyl chains on the periphery of the
columns and the bulky tert-butyl and tert-octyl groups on the
phenoxy substituents in 3 b ± d limit further packing of the p

systems within a second dimension. For 3 e, columnar motifs
are also likely, but here additional lateral p ± p interactions
become possible by interdigitation of the phenoxy substitu-
ents which leads to a layered crystalline structure with a layer
spacing of about 16 �; this corresponds well with the short
molecular axis of 3 e. From the unexpectedly low binding
constant for 3 e (Table 1), we conclude that its aggregate in
solution might also exhibit some differences from those of
3 a ± d.

The packing model of Figure 7 is also in accordance with
the spectral data obtained from the aggregation studies in
MCH. In their extensive phenomenological study, Graser and
Hädicke tried to correlate the solid-state absorption spectra
of perylene bisimide crystals with the crystal structure.[16] On
the basis of absorption properties, they distinguished three
classes of pigments. ªRed pigmentsº have a rather small
overlap of the p systems in the crystal, that is a comparatively
large shift of the chromophores with respect to each other,
and ªblack pigmentsº exhibit a large overlap. Within the
crystals of these two pigment classes, the molecules are
typically arranged in tilted stacks with a distance of 3.4 ± 3.7 �
between the perylene planes. The third class also affords ªred
pigmentsº, but the p systems are further apart because of
bulkier substituents, and the absorption characteristics of the
crystal are mainly those of the chromophores in solution,
accompanied by line broadening and a small red shift of the
absorption maxima. For the first two perylene pigment
classes, Kazmaier and Hoffmann analyzed the crystallochro-
mic properties on the basis of extended Hückel calcula-
tions.[27] From the nodal character of the HOMO and the

Figure 7. Model of the arrangement of 3 b ± d in the columnar mesophase, based on electrostatic interactions between the perylene bisimide chromophores
and steric demand of the substituents in the bay positions which lead to a longitudinal offset. For 3a, a rotational offset around the column axis is more likely.
Areas with a negative electrostatic surface potential are shaded gray.



Perylene Bisimide Dyes 2245 ± 2253

Chem. Eur. J. 2001, 7, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0710-2251 $ 17.50+.50/0 2251

LUMO wavefunctions, they concluded that these pigments
should be assigned to either the ªredº or the ªblackº class not
simply from the overlap of the perylene chromophores, but
also according to their longitudinal and transverse offset
within the stack. As presented above, our model predicts for
compound 3 b a longitudinal slip of one benzene ring (about
4.2 �) and almost no transverse shift. According to Kazmaier
and Hoffmann, perylene bisimides with this offset within the
stack belong to the ªredº class, which is consistent with our
spectral data (Figure 2 a). The intracolumnar distance (3.7 �)
obtained for 3 b from X-ray scattering is also in accordance
with the spectral properties and data from single-crystal
structure analyses reported by Graser and Hädicke.[16] How-
ever, 3 c ± e, with four bulky substituents, show the character-
istics of the third class of perylene bisimide pigments
distinguished by Graser and Hädicke (Figure 2 b). Notably,
for 3 d the intracolumnar distance between adjacent mole-
cules, determined by X-ray diffraction, is 4.5 �.

Beyond this simple classification scheme, the changes in the
optical properties upon aggregation within the given series of
perylene bisimides might be analyzed by exciton coupling
theory.[28] Clearly the close intracolumnar spacing of 3 a and
3 b allows strong excitonic coupling of the chromophores,
giving rise to the completely altered spectral fine structure,
whereas this is not the case for 3 c ± e.[29] Indeed, exciton
coupling theory predicts a third-power relationship between
the sum of the coupling energies of the transition dipoles and
the distance between the dipole centers. Therefore less pro-
nounced spectral changes for the aggregates of 3c ± e with more
distant chromophores are in good agreement with this model.

The evidence of strong excitonic coupling leads to another
aspect. On the basis of their different optical properties which
result from different coupling modes between the chromo-
phores, two main species of dye aggregates are distinguished
in the literature: H-aggregates where the absorption max-
imum of the aggregate is blue-shifted with respect to the
isolated chromophore and where fluorescence of the isolated
chromophore is lost in the aggregate, and J-aggregates where
absorption and emission maxima are red-shifted and no
quenching occurs in the aggregate.[30] The common structural
model for such aggregates is based on the longitudinal offset
of the dye molecules and is sometimes described as the ªdeck-
of-cardsº model, where the cards represent the molecules
stacked on top of each other. The angle between the
molecular plane and the aggregation direction decides
between the presence of an H- or a J-aggregate: above a
theoretical value of 54.78 an H-aggregate is usually found,
whereas in J-aggregates the molecules have slipped more with
respect to each other, leading to a smaller angle.[31] The angles
obtained by molecular modeling for 3 b ± e (35 ± 458), and also
supported by X-ray data, are well below this theoretical value,
indicating the formation of J-type aggregates. This is again
supported by the spectral data, as a bathochromic shift is
observed in the absorption spectra of all aggregates of 3 a ± e,
and for 3 b ± e fluorescent aggregates with a red-shifted
emission maximum are found. It is noteworthy that a similar
bathochromic shift of the emission detected for a perylene
bisimide cyclophane was also attributed to excitonic coupling
in a J-type aggregate.[32]

Conclusion

We have found J-type aggregates and columnar mesophases
of perylene bisimide dyes by simple derivatization of the
imide groups with mesogenic trialkoxyphenyl substituents.
The most probable packing model for the hexagonal colum-
nar mesophases of 3 b ± d consists of molecules tilted at about
35 ± 458 with respect to the column axis, whereas for 3 a a more
disordered arrangement of the molecules within the column is
likely. With increasing steric demand of the phenoxy sub-
stituents an increase in the longitudinal slip of the molecules
and larger p ± p distances between the perylene bisimide cores
are observed. This permits folding and interpenetration of the
disordered alkyl chains at the periphery and thus explains the
decreasing hexagonal lattice parameter ahex within the series
3 a ± d.

For the derivatives with four phenoxy substituents in the
bay region of the perylene core, the strong fluorescence
observed even in the aggregated state makes these LC phases
interesting for applications as polarizers or components in
electroluminescent devices. Another major interest in discotic
LC phases of extended p systems stems from their charge
transport properties, which are desirable for photoconductors
and organic semiconductors.[33] However, until now all known
discotic LC systems have been p-type conducting species. As
crystalline perylene bisimides exhibit n-type semiconducting
properties,[34] we expect n-type charge transport within the
given mesophases.

Experimental Section

Materials and methods : Solvents and reagents were purchased from Merck
(Darmstadt, Germany) unless otherwise stated, and purified and dried
according to standard procedures.[35] Perylene-3,4:9,10-tetracarboxylic acid
bisanhydride (1a, Aldrich) was used as a starting material for the synthesis
of 1,7-di(4-tert-butylphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisan-
hydride (1b),[8a] 1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-tetra-
carboxylic acid bisanhydride (1c),[8b] 1,6,7,12-tetra[4-(1,1,3,3-tetramethyl-
butyl)phenoxy]perylene-3,4:9,10-tetracarboxylic acid bisanhydride (1 d),[8c]

and 1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisanhy-
dride (1e)[8b] according to the literature. 3,4,5-Tridodecyloxyaniline (2) was
obtained according to ref. [9]. Column chromatography was performed on
silica gel (Merck silica gel 60, 0.2 ± 0.5 mm, 50 ± 130 mesh). The solvents for
spectroscopic studies were of spectroscopic grade and used as received
(MCH was purchased from Aldrich). UV/Vis spectra were taken on a
Perkin ± Elmer Lambda 40P spectrometer and fluorescence spectra were
measured on a SPEX Fluorolog 2 spectrofluorimeter. NMR spectra were
recorded on a Bruker DRX 400 spectrometer using the proton signal of
TMS or the carbon signal of the deuterated solvent as internal standard.

Optical textures at crossed polarizers were obtained with a Zeiss Axiophot
Pol polarization microscope equipped with a Linkam THMSG600 hot
stage and a Linkam TP 92 controller unit. DSC measurements were
performed using a Perkin ± Elmer DSC-7 calorimeter. Wide-angle X-ray
diffractograms were obtained at room temperature on a Siemens D500
powder diffractometer (Ni-filtered CuKa radiation). Samples for X-ray
diffraction were prepared by heating above the clearing point and cooling
to room temperature. To prepare an oriented sample, a small amount of 3a
was heated above the clearing point between two thin beryllium foils, and
cooled slowly to room temperature.

General procedure for preparation of 3a ± e : Each of the perylene
tetracarboxylic acid bisanhydrides (1a ± e, 1 equiv) was stirred under argon
with 3,4,5-tridodecyloxyaniline 2 (2.4 ± 3 equiv) and zinc acetate (1 equiv,
Fluka) in quinoline (30 mL per mmol bisanhydride) at 180 8C for 3 h. The
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reaction mixture was cooled to room temperature and poured into HCl
(1m, 100 mL). The resulting violet precipitate was collected on a glass filter
funnel, washed with water (50 mL) and methanol (50 mL), then purified
either by dissolving the crude product in CH2Cl2 and precipitating it by
addition of methanol or by column chromatography (silica gel, CH2Cl2).

N,N'-Di(3,4,5-tridodecyloxyphenyl)perylene-3,4 :9,10-tetracarboxylic acid
bisimide (3a): Prepared from 1a (0.12 g, 0.3 mmol) and 2 (0.58 g,
0.9 mmol). Purified by precipitation from CH2Cl2. Yield: 0.44 g (89 %);
Colhd 373 8C I; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 8.42 (d,
3J(H,H)� 7.5 Hz, 4 H; H2,5,8,11), 7.93 (d, 3J(H,H)� 7.4 Hz, 4 H; H1,6,7,12),
6.69 (s, 4 H; H2'',6''), 4.03 (t, 4 H; OCH2), 3.81 (t, 8H; OCH2), 1.82 (m, 4H),
1.72 (m, 8H), 1.6 ± 1.2 (m, 108 H), 0.85 (m, 18H); 13C NMR (100 MHz,
CDCl3, 25 8C): d� 162.82, 153.68, 138.19, 133.45, 130.76, 129.72, 128.25,
125.19, 123.13, 122.72, 106.99, 73.45, 69.18, 31.98, 31.93, 30.57, 29.90, 29.86,
29.78, 29.77, 29.74, 29.72, 29.59, 29.49, 29.45, 29.40, 26.28, 26.12, 22.71, 22.67,
14.10, 14.06; UV/Vis (CH2Cl2): lmax (e)� 527 (89 600), 490 (59 500), 459 nm
(22 300 molÿ1 L cmÿ1); elemental analysis (%) calcd for C108H162N2O10

(1648.5): C 78.69, H 9.91, N 1.70; found: C 78.50, H 9.81, N 1.62.

N,N'-Di(3,4,5-tridodecyloxyphenyl)-1,7-di(4-tert-butylphenoxy)perylene-
3,4 :9,10-tetracarboxylic acid bisimide (3b): Prepared from 1b (0.34 g,
0.5 mmol) and 2 (0.97 g, 1.5 mmol). Purified by column chromatography.
Yield: 0.58 g (60 %); Colho 283 8C I; 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 9.49 (d, 3J(H,H)� 8.3 Hz, 2H; H6,12), 8.51 (d, 3J(H,H)� 8.3 Hz,
2H; H5,11), 8.25 (s, 2 H; H2,8), 7.46 (d, 3J(H,H)� 8.8 Hz, 4H; H3',5'), 7.10
(d, 3J(H,H)� 8.7 Hz, 4H; H2',6'), 6.53 (s, 4H; H2'',6''), 4.00 (t, 4H; OCH2),
3.82 (t, 8 H; OCH2), 1.74 (m, 12H), 1.6 ± 1.2 (m, 108 H), 1.36 (s, 18 H; tBu),
0.87 (m, 18H); 13C NMR (100 MHz, CDCl3, 25 8C): d� 163.24, 162.92,
155.60, 153.63, 152.21, 148.51, 138.21, 133.38, 130.09, 129.74, 128.90, 128.75,
127.53, 124.74, 123.68, 123.63, 123.43, 122.08, 119.32, 106.81, 73.42, 69.02,
34.54, 31.96, 31.92, 31.42, 30.47, 29.82, 29.80, 29.72, 29.67, 29.47, 29.41, 29.36,
26.19, 26.09, 22.70, 22.67, 14.10, 14.08; UV/Vis (CH2Cl2): lmax (e)� 546
(57 500), 511 (39 600), 402 nm (11 600 molÿ1 L cmÿ1); fluorescence (CH2Cl2):
lmax� 578 nm; elemental analysis (%) calcd for C128H186N2O12 (1944.9): C
79.05, H 9.64, N 1.44; found: C 79.00, H 9.77, N 1.49.

N,N'-Di(3,4,5-tridodecyloxyphenyl)-1,6,7,12-tetra(4-tert-butylphenoxy)per-
ylene-3,4 :9,10-tetracarboxylic acid bisimide (3c): Prepared from 1c (0.25 g,
0.25 mmol) and 2 (0.48 g, 0.75 mmol). Purified by precipitation from
CH2Cl2. Yield: 0.52 g (92 %); Colhd 346 8C I; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 8.23 (s, 4H; H2,5,8,11), 7.24 (d, 3J(H,H)� 8.8 Hz, 8H;
H3',5'), 6.84 (d, 3J(H,H)� 8.8 Hz, 8H; H2',6'), 6.41 (s, 4 H; H2'',6''), 3.98 (t,
4H; OCH2), 3.89 (t, 8H; OCH2), 1.75 (m, 12 H), 1.6 ± 1.2 (m, 108 H), 1.29 (s,
36H; tBu), 0.87 (m, 18 H); 13C NMR (100 MHz, CDCl3, 25 8C): d� 163.61,
156.17, 153.62, 152.75, 147.50, 138.22, 132.09, 130.12, 126.67, 122.58, 120.64,
120.06, 119.68, 119.43, 106.80, 73.44, 69.05, 34.34, 31.93, 31.90, 31.39, 30.34,
29.74, 29.67, 29.63, 29.61, 29.37, 29.36, 29.33, 29.31, 26.12, 26.07, 22.68, 22.66,
14.08; UV/Vis (CH2Cl2): lmax (e)� 580 (42 500), 542 (28 000), 452 nm (15
800 molÿ1 Lcmÿ1); fluorescence (CH2Cl2): lmax� 616 nm; elemental analy-
sis (%) calcd for C148H210N2O14 (2241.3): C 79.31, H 9.44, N 1.25; found C
78.91, H 9.27, N 1.27.

N,N'-Di(3,4,5-tridodecyloxyphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethyl-
butyl)phenoxy]perylene-3,4 :9,10-tetracarboxylic acid bisimide (3 d): Pre-
pared from 1d (0.30 g, 0.25 mmol) and 2 (0.39 g, 0.6 mmol). Purified by
column chromatography. Yield: 0.55 g (89 %); Colho 285 8C I; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 8.18 (s, 4 H; H2,5,8,11), 7.24 (d,
3J(H,H)� 8.7 Hz, 8H; H3',5'), 6.87 (d, 3J(H,H)� 8.8 Hz, 8H; H2',6'), 6.40
(s, 4H; H2'',6''), 3.98 (t, 4H; OCH2), 3.89 (t, 8H; OCH2), 1.75 (m, 12H),
1.70 (s, 8 H; t-oct), 1.5 ± 1.2 (m, 108 H), 1.33 (s, 24 H; t-oct), 0.87 (m, 18H),
0.75 (s, 36 H; t-oct); 13C NMR (100 MHz, CDCl3, 25 8C): d� 163.57, 156.29,
153.62, 152.45, 146.88, 138.23, 132.94, 130.16, 127.63, 122.59, 120.32, 119.56,
119.20, 106.80, 73.44, 69.21, 56.92, 38.25, 37.64, 32.25, 31.93, 31.68, 31.25,
29.73, 29.65, 29.61, 29.33, 29.28, 26.31, 25.99, 22.38, 14.21; UV/Vis (CH2Cl2):
lmax (e)� 583 (51 600), 544 (31 600), 451 nm (17 700 molÿ1 Lcmÿ1); fluo-
rescence (CH2Cl2): lmax� 617 nm; elemental analysis (%) calcd for
C164H242N2O14 (2465.8): C 79.89, H 9.89, N 1.14; found: C 79.86, H 9.72, N
1.20.

N,N'-Di(3,4,5-tridodecyloxyphenyl)-1,6,7,12-tetraphenoxyperylene-
3,4 :9,10-tetracarboxylic acid bisimide (3e): Prepared from 1e (0.19 g,
0.25 mmol) and 2 (0.48 g, 0.75 mmol). Purified by column chromatography.
Yield: 0.35 g (69 %); m.p. 243 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d� 8.22 (s, 4H; H2,5,8,11), 7.25 (t, 3J(H,H)� 8.0 Hz, 8H; H3',5'), 7.10 (t,

3J(H,H)� 7.4 Hz, 4H; H4'), 6.95 (d, 3J(H,H)� 8.1 Hz, 8 H; H2',6'), 6.41 (s,
4H; H2'',6''), 3.99 (t, 4 H; OCH2), 3.89 (t, 8H; OCH2), 1.76 (m, 12H), 1.5 ±
1.2 (m, 108 H), 0.87 (m, 18 H); 13C NMR (100 MHz, CDCl3, 25 8C): d�
163.40, 155.98, 155.19, 153.57, 138.20, 132.80, 130.11, 129.97, 129.51, 124.67,
122.80, 120.67, 120.21, 119.96, 106.85, 73.44, 69.06, 37.60, 31.92, 31.89, 30.34,
29.73, 29.66, 29.62, 29.60, 29.36, 29.32, 26.11, 26.06, 22.65, 14.07; UV/Vis
(CH2Cl2): lmax (e)� 574 (51 500), 535 (32 500), 445 nm
(16 400 molÿ1 L cmÿ1); fluorescence (CH2Cl2): lmax� 609 nm; elemental
analysis (%) calcd for C132H178N2O14 (2016.9): C 78.61, H 8.90, N 1.39;
found C 78.40, H 9.02, N 1.40.

Fluorescence measurements : Fluorescence was measured with a calibrated
SPEX Fluorolog 2 spectrofluorimeter, and all spectra were corrected. The
fluorescence quantum yields in CH2Cl2 were determined for optically dilute
solutions (O.D. <0.04)[36] using N,N'-di(2,6-diisopropylphenyl)-1,6,7,12-
tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide as reference
(Ff,CHCl3� 0.96)[11, 14b] and published refractive indices of the solvents.[37] The
given quantum yields were averaged from values at three excitation
wavelengths (s< 3 %). All solutions were prepared from air-saturated
solvents. A study of the reference perylene dye after degassing (six freeze ±
drying cycles at ultrahigh vacuum) showed that the influence of oxygen was
negligible for the given chromophoric system. Owing to the high optical
densities of the solutions required for aggregation studies in MCH, these
samples were investigated using the front-face illumination technique on a
1 mm cell in order to minimize reabsorption, rather than the conventional
right-angle setup.[38]

UV/Vis aggregation studies in MCH : A set of spectra of 3a ± e at different
concentrations in MCH was recorded. The apparent extinction coefficients
at several wavelengths were fitted by nonlinear regression analysis[17] to the
isodesmic or equal-K model according to Equation (1), derived from
ref. [18a]:

e(c)� 2 Kc� 1ÿ ������������������
4 Kc� 1
p

2 K 2c 2
(efÿ ea)�ea (1)

e denotes the apparent extinction coefficient obtained from the spectra; ef

and ea are the extinction coefficients for the free and the aggregated species,
respectively; K is the binding constant; and c is the total dye concentration
in the sample. The binding constants in Table 1 were averaged from values
obtained for four different wavelengths (s< 15%).

Electrochemistry : Cyclic voltammetry was performed with a Jaissle BI
POT PG 10 potentiostat in a three-electrode single-compartment cell with
CH2Cl2 (5 mL) as solvent. Working electrode: platinum disk; counter
electrode: platinum wire; reference electrode: Ag/AgCl. All potentials
were internally referenced to the Fc/Fc� couple. The solutions were purged
with argon before use. The supporting electrolyte was tetrabutylammonium
hexafluorophosphate (0.1m) (Fluka), which was recrystallized twice from
ethanol/water and dried in a high vacuum.
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