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ABSTRACT

A perylene bisimide derivative bearing two phenyl substituents with chiral solubilizing alkyl chains at the imide N atoms has been synthesized,
and its self-assembly properties in solution and condensed phase have been investigated. Temperature-dependent CD spectra revealed the
coexistence of two different kinds of chiral aggregates, differing in size and handedness. The chiral side chains effect a higher order within
the self-assemblies, resulting in an increased charge-carrier mobility in the columnar liquid crystalline mesophase.

Helical self-organization by noncovalent interactions is a
widely observed feature of natural biomacromolecules that
directs the formation of highly ordered structures, e.g., the
spontaneous self-assembly of DNA into a double helix and
of proteins and polysaccharides intoR-helices. Inspired by
the unique features of fascinating biological superstructures,
numerous artificial assemblies have been developed in the
past decades by utilizing noncovalent forces such as hydro-
gen bonding, metal ion coordination, andπ-π interaction.1

Recently, several groups have initiated programs to engineer
functional materials for electronic devices by proper control
of the packing ofπ-conjugated molecules by such nonco-
valent interactions.2-5 In particular, various examples of

discotic molecules such as triphenylenes,3 hexabenzocoro-
nenes,4 and phthalocyanines5 have been reported to formπ
stacks with helical superstructures that exhibit increased
charge-carrier mobilities as a result of the higher molecular
order imparted by the helical stacking arrangement.

Although all of these above-mentioned molecules possess
electron-rich aromatic cores that give rise to columnarπ
stacks with p-type semiconducting properties, we have
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recently discovered that also the considerably elongated
electron-poorπ-electron system perylene bisimides (PBI),
e.g., the derivatives1 and 2, preferentially stack in a
columnar fashion due to rotational displacements of neigh-
boring molecules.6,7 However, owing to the achiral nature
of these PBI building blocks, no chiral supramolecular
ordering could be observed on a macroscopic level; rather,
disordered hexagonal columnar mesophases were found.

In the absence of chiral units in these PBI molecules, both
possible helical conformations (i.e.,M and P) necessarily
have equal intermolecular interaction energies; therefore,
racemic mixtures of helical assemblies can be expected.
However, by means of chiral side chains, theM/P chemical
equilibrium can be biased, which affords a preferential
helicity on the higher supramolecular level of organization.8

Thus, we envisioned that PBI derivatives containing chiral
side chains should afford nonracemic helical supramolecular
structures.

Here, we present a new chiral PBI derivative3, which
indeed affords helical superstructures upon self-assembly.

Much to our surprise, the self-assembly studies of this chiral
building block in apolar aliphatic solutions revealed some
striking aspects with regard to the development of chiral
order upon columnar growth, and the condensed liquid
crystalline (LC) phase of3 showed an improved charge-
carrier mobility.

The PBI derivative3 with six appended chiral side chains
was synthesized in five steps starting with the known
aldehyde49 according to Scheme 1. The details of the
synthesis are given in Supporting Information.

The self-assembly behavior of PBI dye3 in solution was
studied by UV/vis absorption spectroscopy in methylcyclo-
hexane (MCH). As shown in Figure 1, at low concentrations

an absorption band with a well-resolved vibrational fine
structure between 400 and 530 nm was observed that can
be attributed to the S0 f S1 transition of the perylene
bisimide monomer.

The absorption maximum appeared at 517 nm, along with
two higher vibronic transitions located at 482 and 451 nm.
Upon increasing the concentration, the absorption coefficient
dramatically decreased and a blue shift of the absorption
maximum to 491 nm was observed. In addition, a second
red-shifted absorption band of lower intensity at 536 nm
evolved. Owing to the presence of well-defined isosbestic
points at 469, 502, and 529 nm, we may be tempted to
conclude that only two different kinds of absorbing species
are in equilibrium. The observed spectral changes at higher
concentrations can be attributed to excitonic coupling
between closelyπ-π-stacked perylene bisimides with
rotational displacements of about 55° between the neighbor-
ing dyes.10 Temperature-dependent UV/vis spectra (Figure
S1 in Supporting Information) reveal similar spectral features
as observed in the concentration-dependent measurements.
This suggests that the spectral changes originate from the
same process, i.e., self-assembly of monomeric dyes into
larger aggregates composed ofπ-π-stacked species.

By means of concentration- and temperature-dependent
UV/vis spectroscopy for3 in MCH (from 10 to 70°C in
intervals of 10°C), we were able to determine the enthalpy
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Scheme 1. Synthesis of the Chiral PBI3

Figure 1. Concentration-dependent UV/vis absorption spectra of
PBI 3 (10-6 to 2 × 10-3 M) in MCH at 25 °C. Arrows indicate
changes upon increasing concentration.
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and entropy values of∆H° ) -58.9 ( 1.0 kJ mol-1 and
∆S° ) -107.9 ( 0.1 J mol-1 K-1 for this self-assembly
process from the linear van’t Hoff plot (Figure S2 in
Supporting Information). In our recent work,7 we have
reported in detail on the calculation of average aggregation
numbersN from UV/vis data of similar one-dimensional self-
assemblies of PBI derivative2 based on the isodesmic model
(also referred to as the equalK model)11 and confirmed these
results by vapor pressure osmometry and DOSY NMR
studies. By applying this method to the concentration- and
temperature-dependent (from-10 to 90°C) UV/vis spectral
data of PBI dye3, we could estimate average aggregation
numbers (N) for a 2 × 10-3 M solution of 3 in MCH at
different temperatures. Thus, at-10, 40, and 90°C, theN
values of 55, 6, and 2, respectively, were obtained. A
complete set of data are given in Table S2 in the Supporting
Information.

As can be seen in Figure 2c, the remarkable increase in
aggregate size, i.e., higherN values, upon cooling the sample
from 40 to 10°C (N value increased from 6 to 34), does not
affect the shape of the UV/vis absorption spectrum signifi-
cantly. Thus, aggregates of different sizes, i.e., dimers,
trimers, etc., cannot be discriminated by this method. Only
at higher temperature, where the molar fraction of the
monomer increases, is a notable change in the shape of
absorption bands observed (blue line in Figure 2c).

Recent studies on self-assembly of chiralπ-conjugated
molecules have revealed that a deeper insight into aggrega-

tion processes can be gained by CD spectroscopy.8,12 Thus,
the impact of the molecular chiral side chains of3 on the
supramolecular order of itsπ-π-stacked aggregates was
examined by temperature-dependent CD spectroscopy (Fig-
ure 2a,b). No CD signal could be observed for the PBI3
monomer in dichloromethane (DCM) solution between 350
and 650 nm, whereas for the aggregates of3 in concentrated
MCH solution, a strong induced bisignate Cotton effect was
observed at-10 °C with a positive maximum at 548 nm
and a negative maximum at 498 nm (Figure 2a, green line).

Upon heating from-10 (green line) to 40°C (red line),
the Cotton effect at 548 nm completely vanished, whereas
the one at 498 nm was diminished. On the other hand, a
positive CD band emerged at 462 nm and a negative shoulder
appeared at 512 nm. Further heating of the sample to 90°C
(Figure 2b, blue line) resulted in an overall decrease of the
CD signal, but even at this high temperature, dimeric species
prevail as the bisignate CD signal with a negative maximum
at 500 nm and a positive maximum at 460 nm as well as the
UV/vis spectra (Figure 2c) reveal. The aggregation process
of 3 is fully reversible, as upon cooling the sample from 90
to -10 °C the initial CD spectrum is recovered.

On the basis of theN values given in Table S2 in the
Supporting Information, one can relate the CD spectrum at
90 °C to PBI dimers, whereas the CD spectrum at-10 °C
originates from extended species with average aggregation
numbers greater than 50. At intermediate temperatures,
complex CD spectra arise that lack defined isodichroic points.
This observation does not comply with the earlier conclusion
of a two-state equilibrium that was drawn based on well-
defined isosbestic points observed in UV/vis spectra. Ac-
cording to CD spectroscopy, an equilibrium among at least
three different species has to be considered to account for
the observed temperature-dependent features in the CD
spectra, as proposed in Figure 3.

The low-temperature CD spectra indicate the preferential
formation of right-handed (P-configured) extended ag-
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Figure 2. Temperature-dependent CD and UV/vis spectra of3 (2
× 10-3 M) in MCH. (a) CD spectra from-10 to 40°C (green
line, -10 °C; black line, 10°C; red line, 40°C), in intervals of
10 °C. (b) CD spectra from 40 to 90°C (red line, 40°C; blue line,
90 °C), in intervals of 10°C. Arrows indicate changes upon
increasing temperature. (c) UV/vis spectra at 10, 40, and 90°C
(black, red, and blue line, respectively).

Figure 3. Proposed equilibrium of monomer and aggregated
species of PBI3 in solution. At low concentration and/or high
temperature, dimers are formed that are preferentially ofM-type
helicity. Upon further growth into extended polymeric stacks,
P-configured species are preferred.
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gregates according to the exciton chirality method,13 which
in the course of the fully reversible aggregation process
transform upon increasing temperature into preferentially left-
handed (M-configured) dimers. It is noteworthy that the
magnitude of the observed CD intensities remains moderate
in the investigated temperature range. Accordingly, despite
the biased chemical equilibrium toward dimers withM-
helicity and extended stacks withP-helicity, also their
diastereomeric counterparts coexist in solution. However,
upon decrease of temperature of PBI3 solutions (Figure
2a,b), as well as for its thin films (Figure S3 in Supporting
Information), the intensity of the CD signal increases,
pointing to an increase of supramolecular order in the
columnar π stacks of the bulk material that is further
substantiated by dissymmetry factorg (∆ε/ε) values (Table
S3 in Supporting Information).

The thermotropic behavior of3 was studied by differential
scanning calorimetry (DSC) and X-ray diffraction. The DSC
measurements (Figure S4 in Supporting Information) re-
vealed only one reversible phase transition from a LC phase
into the isotropic liquid phase at 349°C with an enthalpy
change of∆H ) 28 kJ mol-1 (19 J g-1). The∆H value of
3 is significantly larger than those observed for PBI deriva-
tives1 and2 (9 and 19 kJ mol-1, respectively),6 implying a
higher-ordered LC phase of3. This is also confirmed by a
higher entropy change∆S ) 45 J mol-1 K-1 for 3 for the
isotropization process compared to1 and 2 (14 and 33 J
mol-1 K-1, respectively). The higher order of the LC phase
for 3 was further substantiated by the X-ray diffraction
pattern (Figure S6, Table S4 in Supporting Information) of
a powder-like sample that can be interpreted in terms of a
columnar hexagonal ordered (Colho) mesophase with a cell
parameter of 3 nm and a defined intracolumnar distance of
3.5 Å between the chromophore planes. In contrast, disor-
dered columnar hexagonal mesophases were observed for1
and 2. The above-mentioned results of DSC and X-ray
diffraction analyses of3 confirm the presence of a highly
ordered mesophase, which exists over a very broad temper-
ature range from 0°C to its clearing point at 349°C.

The semiconducting properties of theπ stacks of PBI3
in this mesophase were investigated by using the pulse-
radiolysis time-resolved microwave conductivity (PR-
TRMC) technique.14,15 For the Colho LC phase of3 at room

temperature, we obtained an isotropic TRMC lower mobility
limit of 0.010 cm2 V-1 s-1, which appeared to be constant
over a broad temperature range from room temperature to
at least 100°C. Because this kind of material only transports
charge carriers along the columnar structures, a one-
dimensional TRMC lower mobility limit of 0.030 cm2 V-1

s-1 can be deduced and a one-dimensional TRMC mobility
of 0.087 cm2 V-1 s-1 could be estimated (for details see
Supporting Information). For comparison, we have also
determined the one-dimensional TRMC lower mobility limit
for the achiral PBI2 in the Colhd phase (at 110°C), which
is amounted to only 0.0078 cm2 V-1 s-1. Hence, the TRMC
mobility value for the LC state of3 is about 4 times higher
than that for the Colhd mesophase of PBI2. This can be
explained in terms of higher intracolumnar order in the LC
phase of3, which is an outcome of the helical arrangement
imparted by the chiral side chains.

In conclusion, PBI dye3 with appended chiral side chains
has provided valuable insight into the stepwise growth of
one-dimensional molecular aggregates in solution, and the
impact of helical order on charge-carrier mobilities for a
highly promising class of organicn-type semiconductors has
been shown. Taken together, from the present observations
and some other recent results from our and other laborato-
ries,12 we have learned that one should be cautious of drawing
premature and far-reaching conclusions with regard to the
uniformity of supramolecular species based on concentration-
and temperature-dependent UV/vis spectra with well-defined
isosbestic points.
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