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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 discotic molecules such as triphenyledd®xabenzocoro-
widely observed feature of natural biomacromolecules that nenes! and phthalocyaninésave been reported to form
directs the formation of highly ordered structures, e.g., the stacks with helical superstructures that exhibit increased
spontaneous self-assembly of DNA into a double helix and charge-carrier mobilities as a result of the higher molecular
of proteins and polysaccharides imishelices. Inspired by  order imparted by the helical stacking arrangement.
the unique features of fascinating biological superstructures, Although all of these above-mentioned molecules possess
numerous artificial assemblies have been developed in theelectron-rich aromatic cores that give rise to columnar
past decades by utilizing noncovalent forces such as hydro-stacks with p-type semiconducting properties, we have
gen bonding, metal ion coordination, anetsr interactiont : .
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Scheme 1. Synthesis of the Chiral PE3
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recently discovered that also the considerably elongated
electron-poorr-electron system perylene bisimides (PBI),
e.g., the derivativesl and 2, preferentially stack in a
columnar fashion due to rotational displacements of neigh-
boring molecule$.” 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 (.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, MA chemical
equilibrium can be biased, which affords a preferential
helicity on the higher supramolecular level of organizafion.
Thus, we envisioned that PBI derivatives containing chiral
side chains should afford nonracemic helical supramolecular
structures.
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Here, we present a new chiral PBI derivati8ewhich
indeed affords helical superstructures upon self-
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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 o8 showed an improved charge-
carrier mobility.

The PBI derivative3 with six appended chiral side chains
was synthesized in five steps starting with the known
aldehyde4® according to Scheme 1. The details of the
synthesis are given in Supporting Information.

The self-assembly behavior of PBI dgen solution was
studied by UV/vis absorption spectroscopy in methylcyclo-
hexane (MCH). As shown in Figure 1, at low concentrations
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Figure 1. Concentration-dependent UV/vis absorption spectra of
PBI 3 (10%to 2 x 1073 M) in MCH at 25°C. Arrows indicate
changes upon increasing concentration.

an absorption band with a well-resolved vibrational fine
structure between 400 and 530 nm was observed that can
be attributed to the S— S, 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 closelyz—n-stacked perylene bisimides with
rotational displacements of about*d%etween the neighbor-
ing dyes!® Temperature-dependent UV/vis spectra (Figure
S1in 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 composedsofz-stacked species.

By means of concentration- and temperature-dependent
UV/vis spectroscopy foB in MCH (from 10 to 70°C in
intervals of 10°C), we were able to determine the enthalpy
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and entropy values oAH° = —58.94 1.0 kJ mof?! and tion processes can be gained by CD spectroséépyhus,
AS = —107.9+ 0.1 J mof! K1 for this self-assembly  the impact of the molecular chiral side chains2bn the
process from the linear van't Hoff plot (Figure S2 in supramolecular order of itg—n-stacked aggregates was
Supporting Information). In our recent woftkwe have examined by temperature-dependent CD spectroscopy (Fig-
reported in detail on the calculation of average aggregationure 2a,b). No CD signal could be observed for the BBI
numbersN from UV/vis data of similar one-dimensional self- monomer in dichloromethane (DCM) solution between 350
assemblies of PBI derivativ&based on the isodesmic model and 650 nm, whereas for the aggregate3 iof concentrated
(also referred to as the equé@imodel}! and confirmed these ~ MCH solution, a strong induced bisignate Cotton effect was
results by vapor pressure osmometry and DOSY NMR observed at-10 °C with a positive maximum at 548 nm
studies. By applying this method to the concentration- and and a negative maximum at 498 nm (Figure 2a, green line).
temperature-dependent (froall0 to 90°C) UV/vis spectral Upon heating from-10 (green line) to 40C (red line),
data of PBI dye3, we could estimate average aggregation the Cotton effect at 548 nm completely vanished, whereas
numbers ) for a 2 x 103 M solution of 3 in MCH at the one at 498 nm was diminished. On the other hand, a
different temperatures. Thus, atl0, 40, and 90C, theN positive CD band emerged at 462 nm and a negative shoulder
values of 55, 6, and 2, respectively, were obtained. A appeared at 512 nm. Further heating of the sample 90
complete set of data are given in Table S2 in the Supporting (Figure 2b, blue line) resulted in an overall decrease of the
Information. 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 thé\ 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-dt0 °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.
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Figure 2. Temperature-dependent CD and UV/vis spectra (£
x 1073 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 9 (red line, 40°C; blue line, w
90 °C), in intervals of 10°C. Arrows indicate changes upon R
increasing temperature. (c) UV/vis spectra at 10, 40, and®0 —
(black, red, and blue line, respectively). Monomer

As can be seen in Figure 2c, the remarkable increase in P-Dimer — P-Polymer

aggregate size, i.e., highllivalues, upon cooling the sample  rigure 3. Proposed equilibrium of monomer and aggregated
from 40 to 10°C (N value increased from 6 to 34), does not species of PBI3 in solution. At low concentration and/or high
affect the shape of the UV/vis absorption spectrum signifi- temperature, dimers are formed that are preferentiallijldype
cantly. Thus, aggregates of different sizes, i.e., dimers, helicity. Upon further growth into extended polymeric stacks,
trimers, etc., cannot be discriminated by this method. Only P-configured species are preferred.
at higher temperature, where the molar fraction of the
monomer increases, is a notable change in the shape of The low-temperature CD spectra indicate the preferential
absorption bands observed (blue line in Figure 2c). formation of right-handed R-configured) extended ag-
Recent studies on self-assembly of chiratonjugated - . )
molecules have revealed that a deeper insight into aggrega. %?)S(géﬂz’;'z‘gggmég;g’gﬁ(‘gﬁrﬁ;;‘ggﬁ oiﬁ,sﬁhe\?glgﬂééémj'é‘égﬂrgfr’
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gregates according to the exciton chirality metfbahich temperature, we obtained an isotropic TRMC lower mobility
in the course of the fully reversible aggregation process limit of 0.010 cn? V! s™1, which appeared to be constant
transform upon increasing temperature into preferentially left- over a broad temperature range from room temperature to
handed K-configured) dimers. It is noteworthy that the atleast 100C. Because this kind of material only transports
magnitude of the observed CD intensities remains moderatecharge carriers along the columnar structures, a one-
in the investigated temperature range. Accordingly, despite dimensional TRMC lower mobility limit of 0.030 cfriv !
the biased chemical equilibrium toward dimers with s 1 can be deduced and a one-dimensional TRMC maobility
helicity and extended stacks witR-helicity, also their of 0.087 cnml V™! s! could be estimated (for details see
diastereomeric counterparts coexist in solution. However, Supporting Information). For comparison, we have also
upon decrease of temperature of PBkolutions (Figure determined the one-dimensional TRMC lower mobility limit
2a,b), as well as for its thin films (Figure S3 in Supporting for the achiral PBR2 in the Co}4 phase (at 110C), which
Information), the intensity of the CD signal increases, is amounted to only 0.0078 ¢ !s % Hence, the TRMC
pointing to an increase of supramolecular order in the mobility value for the LC state 08 is about 4 times higher
columnar r stacks of the bulk material that is further than that for the Cah mesophase of PB2. This can be
substantiated by dissymmetry factp(Ae/e) values (Table explained in terms of higher intracolumnar order in the LC
S3in Supporting Information). phase of3, which is an outcome of the helical arrangement

The thermotropic behavior &was studied by differential ~ imparted by the chiral side chains.
scanning calorimetry (DSC) and X-ray diffraction. The DSC  In conclusion, PBI dy& with appended chiral side chains
measurements (Figure S4 in Supporting Information) re- has provided valuable insight into the stepwise growth of
vealed only one reversible phase transition from a LC phaseone-dimensional molecular aggregates in solution, and the
into the isotropic liquid phase at 34€ with an enthalpy impact of helical order on charge-carrier mobilities for a
change ofAH = 28 kJ moi? (19 J g1). The AH value of highly promising class of organietype semiconductors has
3 is significantly larger than those observed for PBI deriva- been shown. Taken together, from the present observations
tives1 and2 (9 and 19 kJ mott, respectivelyf,implying a and some other recent results from our and other laborato-
higher-ordered LC phase @f This is also confirmed by a  ries!?we have learned that one should be cautious of drawing
higher entropy changAS = 45 J mot* K~ for 3 for the premature and far-reaching conclusions with regard to the
isotropization process compared toand 2 (14 and 33 J uniformity of supramolecular species based on concentration-
mol~t K1, respectively). The higher order of the LC phase and temperature-dependent UV/vis spectra with well-defined
for 3 was further substantiated by the X-ray diffraction isosbestic points.
pattern (Figure S6, Table S4 in Supporting Information) of
a powder-like sample that can be interpreted in terms of a
columnar hexagonal ordered (G9Imesophase with a cell
parameter of 3 nm and a defined intracolumnar distance of
3.5 A between the chromophore planes. In contrast, disor- Supporting Information Available: Synthesis and char-
dered columnar hexagonal mesophases were observéd for acterization of PBI3 and additional spectroscopic and
and 2. The above-mentioned results of DSC and X-ray analytical data. This material is available free of charge via
diffraction analyses o8 confirm the presence of a highly the Internet at http://pubs.acs.org.
ordered mesophase, which exists over a very broad temper-
ature range from OC to its clearing point at 349C.

The semiconducting properties of thestacks of PBI3 ~ (15) PR-TRMC charge-carrier mobilities have been reported for crystal-
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radiolysis time-resolved microwave conductivity (PR- R.B. M.; Donker, H.; Schaafsma, T. J.; Picken, S. J.; van de Craats, A.

; 4,15 M.; Warman, J. M.; Zuilhof, H.; Sudholter, E. J. R. Am. Chem. Soc
TRMC) teChqué' For the Col, LC phase oB at room 200Q 122 11057. (b) Chen, Z.; Debije, M. G.; Debaerdemaeker, T.;

Osswald, P.; Wrthner, F.ChemPhysChen2004 5, 137. (c) An, Z.; Yu,

Acknowledgment. Financial support by the Deutsche
Forschungsgemeinschaft within the research training school
GK 1221 is gratefully acknowledged.

OL0700963

(13) Berova, N.; Nakanishi, K.; Woody, R. WCircular Dichroism: J.; Jones, S. C.; Barlow, S.; Yoo, S.; Domercq, B.; Prins, P.; Siebbeles, L.
Principles and ApplicationswWiley-VCH: New York, 2000. D. A.; Kippelen, B.; Marder, S. RAdv. Mater. 2005 17 2580. (d) Debije,

(14) Warman, J. M.; de Haas, M. P.; Dicker, G.; Grozema, F. C.; Piris, M. G Chen, Z.; Pms J.; Neder, R. B.; Watson, M. M.;"Ném, K.;
J.; Debije, M. G.Chem. Mater2004 16, 4600. Wurthner F.J. Mater. Chem2005 15, 1270.

1088 Org. Lett., Vol. 9, No. 6, 2007



