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ABSTRACT: Organic nanowires are important building blocks for
nanoscopic organic electronic devices. In order to ensure efficient charge
transport through such nanowires, it is important to understand in detail
the molecular parameters that guide self-assembly of π-conjugated
molecules into one-dimensional stacks with optimal constructive π−π
overlap. Here, we investigated the subtle relationship between molecular
structure and supramolecular arrangement of the chromophores in self-
assembled nanowires prepared from perylene bisimides with oligopep-
tide-polymer side chains. We observed a “two-fold” odd−even effect in
circular dichroism spectra of these derivatives, depending on both the
number of L-alanine units in the oligopeptide segments and length of the
alkylene spacer between chromophore and oligopeptide substituents.
Our results indicate that there is a complex interplay between the
translation of molecular chirality into supramolecular helicity and the
molecules’ inherent propensity for well-defined one-dimensional aggregation into β-sheet-like superstructures in the presence of
a central chromophore. Strong excitonic coupling as expressed by the appearance of hypsochromically and bathochromically
shifted UV−vis absorptions and strong CD signals was systematically observed for molecules with an odd number of L-alanines in
the side chains. The latter derivatives gave rise to nanowires with a significantly higher electron mobility. Our results, hence,
provide an important design rule for self-assembled organic nanowires.

■ INTRODUCTION

One-dimensional nanowires from π-conjugated polymers and
small molecules1,2 are important building blocks for the
fabrication of nanoelectronic devices such as organic field-
effect transistors and nanoelectric ciruits,3−9 solar cells,10−14 or
chemical sensors.15−19 The capability to efficiently transport
charge carriers through such nanowires ultimately depends on
the nature of the charge percolation paths which result from a
delicate balance between π−π and other supramolecular
interactions. In this regard, bottom-up self-assembly offers the
unique opportunity to obtain organic nanowires of which the
morphology is strictly controlled by the underlying molecular
design. Chromophores bearing chiral substituents20−22 includ-
ing short oligopeptides,23 for example, have frequently been
employed to induce the formation of helical supramolecular
assemblies. However, a better understanding of which
molecular parameters positively affect the π-overlap between
adjacent chromophores is still needed in order to obtain
supramolecular systems with improved charge transport
properties. Systems that follow simple and general design
rules are preferred for this purpose. In this regard, supra-
molecular helical systems are promising because the relation-
ship between the position and absolute configuration of the
stereocenter and helicity has long since been described by the
surprisingly universal SED/SOL-rules,24 that equally apply to

most examples of chiral liquid crystal phases,25,26 helical
polymers,27−29 or self-assembled aggregates.30

We recently prepared well-defined supramolecular nanowires
from chiral oligopeptide-polymer-substituted quaterthiophenes
and perylene bisimides that showed tight π−π stacking
synergistically enhanced by hydrogen bonding between the
oligopeptide side groups.31 Here, we present a comprehensive
investigation on the relationship between molecular structure
and internal arrangement of the chromophores within self-
assembled perylene bisimide nanowires. Our results show that,
in these systems, there is a complex interplay between the
universal translation of molecular chirality into supramolecular
helicity and the molecules’ inherent propensity to form β-sheet-
like one-dimensional aggregates, encoded by the oligopeptide
segments. The result is the first example of a “two-fold” odd−
even effect in circular dichroism (CD) spectra, depending on
both the number of L-alanine units in the oligopeptides and
length of the alkylene spacer between chromophores and
oligopeptide substituent. We, hence, demonstrate that subtle
modifications in the molecular structure will strongly influence
the exact molecular arrangement of the π-conjugated
chromophores in the otherwise well-understood formation of
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nanowires from oligopeptide-polymer-substituted π-conjugated
molecules. Moreover, we found that charge carrier mobility in
field-effect transistors fabricated from nanowire films was
correlated with the observed CD intensity that results from
excitonic coupling and may be regarded as a proxy for
constructive π-overlap between the close packed chromo-
phores. Our findings, thus, demonstrate that the mere
formation of one-dimensional aggregates is not a sufficient
prerequisite for charge transport, and they provide important
design rules for self-assembled organic nanowires.

■ RESULTS AND DISCUSSION

Synthesis and Aggregation in Solution. For our
investigations, we prepared a library of the oligopeptide-
polymer-functionalized perylene bisimides 1a−4a, 1b−4b, 2c,
and 3c with a variable number of n = 1−4 L-alanine units
(corresponding to the compound numbers 1−4) as well as
methylene, ethylene, and propylene spacers (represented by the
labels a−c in the compound numbers) between chromophores
and oligopeptides (Scheme 1). The polymer-functionalized
perylene bisimide 5 served as a nonaggregating reference
compound. All compounds were synthesized by simple
solution-phase peptide coupling and deprotection reactions
starting from poly(isobutylene) amine and appropriate perylene
bisimide building blocks (Schemes S1−S5), similar to
previously published strategies.32,33

Optically clear dispersions of 1a−4a, 1b−4b, 2c, and 3c were
obtained upon thorough thermal annealing in 1,1,2,2-
tetrachloroethane (TCE), which provides a hydrophobic
environment to induce strong hydrogen-bonding of the
oligopeptides but is a good solvent for the attached
poly(isobutylene) segments.31

The combination of solution-phase infrared (IR), UV−vis,
and CD spectroscopy as well as atomic force microscopy

(AFM) proved that all derivatives gave rise to one-dimensional,
hydrogen-bonded aggregates in organic solvents that exhibited
π−π stacked chromophores in a helical arrangement. For
instance, the strong absorption bands in the solution-phase IR
spectra of all compounds at 3290−3296 cm−1 in the amide A
region and at 1626−1639 cm−1 in the amide I region, as well as
the absence of the secondary amide I component at around
1695 cm−1 were all consistent with the formation of strongly
hydrogen-bonded, parallel β-sheet-like aggregates (Figure 1a).
The very weak bands observed at 3408−3431 cm−1 in some
cases may indicate the presence of miniscule amounts of
residual nonaggregated molecules, and the absorptions at
around 1700, 1665, and 1595 cm−1 represent the CO and
CC vibrations of the perylene bisimide core.34 Plotting the
relative peak area A3290/Aamide A obtained by peak deconvolu-
tion versus the number of L-alanines in each side group revealed
that all derivatives were fully aggregated in solution (Figure 1b).
This is also reflected in the observed linear increase of A1630/
Aamide I with increasing number of L-alanines, as each additional
amide carbonyl group linearly contributes to the overall
absorption intensity.
In order to confirm the presence of nanowires comprising a

single stack of one-dimensionally aggregated perylene bis-
imides, atomic force microscopy (AFM) images of 1a−4a, 1b−
4b, 2c, and 3c on mica substrates were recorded at
concentrations 100 times lower than those used in IR
spectroscopy (Figure 2a). For this reason, the effect of dilution
onto aggregate stability was investigated by comparing the
UV−vis spectra obtained from a concentration series (Figure
S1). While 1b was found to deaggregate to some degree, and
minor differences were also observed in the UV−vis spectra of
1a, 2b, and 2c upon dilution from 1 × 10−3 to 1 × 10−5 mol/L,
the UV−vis spectra of all other compounds remained
unaffected. Indeed, AFM imaging proved that all molecules

Scheme 1. Perylene Bisimides 1a−4a, 1b−4b, 2c, and 3c Investigated in this Studya

aPerylene bisimides 1a−4a, 1b−4b, 2c, and 3c bear oligopeptide-polymer substituents that comprise n = 1−4 L-alanine units (blue) separated from
the chromophore (red) by a flexible methylene, ethylene, or propylene spacer. The polymer-functionalized perylene bisimide 5 served as a
nonaggregating reference compound.
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formed well-defined and several micrometers long nanowires.
In agreement with the UV−vis measurements, considerable
amounts of nonaggregated material were only observed for the
less stable aggregates. AFM phase images taken at higher
magnification proved that occasionally observed broader
features were not larger fibrillar bundles obtained by β-sheet

stacking (of the oligopeptide-perylene bisimide cores) but
comprised individual nanowires with a defined width of 6−7
nm. As we have shown previously for a related molecule, these
dimensions are commensurate with nanowires formed from a
single helically arranged stack of molecules.31

UV−vis Spectroscopy. Consistent with the results
obtained from IR spectroscopy and AFM imaging, the
temperature-dependent solution-phase UV−vis spectra of
1a−4a, 1b−4b, 2c, and 3c at a concentration of 1 × 10−4

mol/L indicated the presence of π−π stacked perylene
bisimides at room temperature (Figure 3a, blue). Upon
increasing the temperature to 363 K, significant deaggregation
was observed for 1b and 2c, while 2a and 2b partially
deaggregated (Figure 3a, red). By contrast, the aggregates of
3a−c, 4a, and 4b bearing n ≥ 3 L-alanines remained fully
aggregated at elevated temperatures, irrespective of spacer
length. Qualitative information on the relative aggregate
stability was obtained by plotting the normalized difference in
extinction at λ = 530 nm compared to a fully deaggregated
compound versus temperature (Figure 3b).35 These plots
clearly demonstrate that, as expected, aggregate stability
increased with the number of L-alanine units and that it
decreased with spacer length36 if the number of L-alanines was n
≤ 2. Moreover, it is interesting to note that a change in spacer
length significantly altered the shape of the UV−vis spectra, as
well, supposedly as a consequence of subtle differences in the
π−π stacking of the perylene bisimides (Figure 3a, bottom
right). A blue-shift of the main absorption combined with the
simultaneous appearance of bathochromically shifted absorp-
tion bands as observed for 3a, 3b, 4a, and 4b suggested the
presence of strongly cofacially aggregated but both laterally and
rotationally displaced perylene bisimide cores.37 By contrast,
the mainly red-shifted spectrum of 3c may be indicative of
predominantly laterally and only marginally rotationally
displaced arrangement of neighboring perylene bisimide
chromophores.

CD Spectroscopy. The influence of subtle changes in the
molecular structure on the local arrangement of the
chromophores within the aggregates was strongly visible in
the CD spectra (Figure 4a). They exhibited different odd−even
effects both in terms of shape and intensity of the spectra as
well as the signs of the Cotton effects and depended on two
molecular parameters at the same time, i.e., the number of L-
alanines and the spacer length. A first conspicuous feature
observed in the CD series was that, depending on the number
of L-alanine units, the observed CD activity was alternatingly
strong and weak and, accordingly, the shape of the spectra well-
and ill-defined, respectively. Thus, the molecules bearing an
odd number of L-alanines in the side chains (1a, 1b, and 3a−c)
exhibited well-defined spectra with molar ellipticities increasing
with the number of L-alanine residues (Figure 4, white
background). By contrast, the CD spectra of all compounds
bearing an even number of L-alanines in the side chains (2a−c,
4a, and 4b) were considerably less defined and exhibited much
smaller molar ellipticities (Figure 4, gray background). As will
be discussed in more detail below, possible explanations for this
observation include the presence of one-dimensional aggregates
with either a small helix pitch, highly dynamic supramolecular
helicity, or a mixture of left- and right-handed helical segments.
Moreover, we observed a two-fold odd−even effect that was, on
one hand, expressed by an alternating reversal of the Cotton
effect upon increasing the number of L-alanines within a series
of molecules with the same spacer length; on the other hand,

Figure 1. (a) The amide A and amide I regions of the solution-phase
IR spectra (c = 1 × 10−3 mol/L, TCE) of 1a−4a, 1b−4b, 2c, and 3c
exhibited strong absorption bands at around 3290 cm−1 and 1630
cm−1 (red) that are characteristic for oligopeptides strongly aggregated
into parallel β-sheet-like secondary structures. The remaining strong
absorptions in the amide I region (blue) are assigned to the perylene
bisimide core. (b) A plot of the relative peak area A3290/Aamide A
obtained by peak deconvolution versus the number of L-alanines
indicated complete aggregation for all derivatives in solution. This is
consistent with the observed quasi-linear increase of A1630/Aamide I with
increasing number of L-alanines because the oscillator strength of each
additional amide carboyl group linearly contributes to the overall
absorption intensity.
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the sign of the Cotton effect was also alternatingly reversed
upon increasing the spacer length for molecules with the
identical number of L-alanine units.
We found a positive Cotton effect for 1a, 2b, 3a, 3c, and 4b

that suggested the presence of P-helical (right-handed helical)
aggregates (Figure 4, blue); while this assignment is not
unambiguous in the case of the only weakly CD-active
derivatives 2b and 4b, their spectra at least resemble the
others in the sign of the key absorption band at 560−570 nm
(for the molecules with an ethylene spacer). By contrast, a
clearly negative Cotton effect observed for 1b, 2a, 2c, 3b, and
4a was assigned to M-helical (left-handed helical) aggregates
(Figure 4, red).38,39 These findings appear to partially
contradict the empirical SED/SOL-rules, as an S-configuration
(S) of a stereocenter spaced at an even (E) number of atoms
apart from the rigid core would imply an M-helical (D)
aggregate (note that, in cholesteric liquid crystal phases, the
dextro (D) and laevo (L) rotation of linearly polarized light
corresponds to left- and right-handed helical molecular
arrangements, respectively).27 According to this nomenclature,

derivatives 1a, 3a, and 3c would hence be denoted as SEL,
while 1b and 3b would be SOD. Different from our derivatives,
however, all literature examples obeying the SED/SOL rules
possess only one stereocenter per side chain that is connected
to the rigid part via either pure alkylene spacers,25,29 alkylene
ethers,25,27,40 or alkylene esters.26,28 Notably, no side groups
containing hydrogen-bonded amides have been reported, with
the exception of asymmetric benzene-1,3,5-tricarboxamides
described by Meijer et al.,41,42 who encountered a similar
conflict with the empirical SED/SOL rules. These derivatives
formed columnar phases as well as one-dimensional aggregates
in dilute solution promoted by intermolecular N−H···OC-
type hydrogen bonding of the amide functionalities, similar to
the compounds investigated here. Systems containing at least
one amide functionality in the side groups may, hence,
inherently behave “anti-SED/SOL”.

Structural Interpretation. Attempts to investigate the
structural basis for our spectral findings by means of molecular
dynamics (MD) simulations at the classical molecular
mechanics level showed that, as we had also reported

Figure 2. (a) AFM height and phase images of 1a−4a, 1b−4b, 2c, and 3c on mica substrates revealed the presence of several micrometers long
nanowires; deaggregated material that was formed at the low concentration used to prepare the sample solutions for AFM imaging was only
observed for compounds 1a, 1b, 2b, and 2c. (b) AFM phase images recorded at higher magnification revealed that the occasionally observed broader
features were not bundles obtained by β-sheet stacking (of the cores) but consisted of individual nanowires with a width of 6−7 nm, consistent with
a single helically arranged stack of molecules.31
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previously,31 a determination of both the details of the
supramolecular arrangement (the π−π stacked cores and
hydrogen-bonded oligopeptides) and the correct handedness
are beyond the accuracy of currently applied state of the art
force fields. Nevertheless, our results at least serve to
qualitatively illustrate and discuss the experimental observa-
tions. Taking dodecameric aggregates of 3a as a representative
example, we were able to construct two different supra-
molecular arrangements that were both similarly stable and in
perfect agreement with X-ray diffraction data. In the first
structure (3a′), the two innermost oligopeptide carbonyl
groups (closest to the chromophore) were oriented in opposite
directions parallel to the nanowire axis (Figure 5a). This
arrangement leads to an overall zero residual dipole moment
from the amide carbonyl groups irrespective of the number of
L-alanines and spacer length. However, the placement of the L-
alanine methyl groups imposes an unbalanced steric load on the
two faces of the aggregates for odd numbers of L-alanines in this

case (Figure 5c). In the second model (3a″), the two
innermost oligopeptide carbonyl groups pointed in the same
direction parallel to the nanowire axis (Figure 5b), which
results in a balanced placement of the L-alanine methyl groups
on the aggregate faces for all derivatives but now induces a
nonzero residual dipole moment for an odd number of
carbonyl groups, i.e., derivatives with an even number of L-
alanines per side chain (Figure 5d).
Interestingly, only 3a′ exhibited a helical arrangement of the

chromophores with a defined handedness (albeit the one not
coinciding with the experimental results), whereas 3a″ showed
a transition from a left- to right-handed arrangement within the
same aggregate. If one assumes this ambiguity in the preferred
handedness to be the origin of weak CD activity, one must
conclude that derivatives with an even number of L-alanines
(2a−c, 4a−b) per side chain follow the second model. The
other compounds (1a−b, 3a−c) would, accordingly, prefer the
more intuitive first model, in which the helical arrangement is

Figure 3. (a) The solution-phase UV−vis spectra at room temperature (c = 1 × 10−4 mol/L, TCE, blue) suggested π−π stacking of the oligopeptide-
polymer-substituted perylene bisimides 1a−4a, 1b−4b, 2c, and 3c. By contrast, the UV−vis spectra recorded at 363 K (red) revealed a decreasing
stability of the aggregates with increasing spacer length for n ≤ 2 L-alanine units per side group, while all compounds with n ≥ 3 L-alanine units were
strongly aggregated. The differences observed for 3a−c (bottom right) indicated slightly different geometric arrangements of the chromophores. (b)
Qualitative information on aggregate stability was obtained by plotting the degree of aggregation as a function of temperature according to [ε(T) −
εmon]/[εagg − εmon], where εmon denotes the extinction coefficient (ε) at λ = 530 nm of the nonaggregated perylene bisimide reference compound 5
at c = 1 × 10−4 mol/L (Figure S2) and ε(T) and εagg the ε of the sample at a given temperature T and 293 K, respectively. The slight apparent
increase of the degree of aggregation with temperature in some cases may originate from a dilution effect due to thermal expansion of TCE during
the experiment.
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not disturbed by a residual dipole moment, resulting in strong
and well-defined CD spectra following the molecules’
supposedly “anti-SED/SOL” preference. By contrast, the
occurrence of “match/mismatch” pairs of the preferred
handedness induced by the alkylene spacer and oligopeptide,
respectively, can be excluded because it should result in a CD
activity alternating in intensity with spacer length for oligo(L-
alanine)s of a given length as well. Nevertheless, the self-
assembly process is the result of the translation of molecular
chirality into supramolecular helicity in competition with the
molecules’ inherent propensity to aggregate into β-sheet like
superstructures. A simple oligopeptide β-strand composed of
only L-amino acids is usually expected to attain a slightly right-
handed twisted conformation that, upon aggregation, translates
into a left-handed twisted β-sheet with a screw axis along the
center of the β-sheet.43 In the present case, however, two such
β-sheet-like stacks are separated by the π−π-stacked
chromophore, and the screw axis of the whole aggregate is
placed along its center, which must inevitablely alter the
oligopeptide aggregation pattern and imposes additional
constraints such as those formulated in the SED/SOL rules.
Implications for Charge Transport. The well-defined and

intense CD signals of some derivatives combined with the large
energy splitting between hypsochromically and bathochromi-
cally shifted bands in the UV−vis spectra are an indication of a
strong excitonic coupling. This can be regarded as a measure
for constructive π-overlap between stacked perylene bisimides
within the nanowires and, hence, as a proxy for percolation
paths suitable for efficient charge transport. In order to test this
hypothesis, we fabricated bottom-gate, bottom-contact field-
effect transistors from monolayers of nanowires of 3a and 4a,
obtained by spin coating of solutions onto prefabricated
microchips with interdigitated source and drain gold electrodes

(Figure 6). From the transfer curves of these field-effect
tranistors in inert atmosphere, we preliminarily determined a
lower estimate for the overall electron mobility of 8 × 10−7 cm2

V−1 s−1 for the nanowire film of 3a that was one order of
magnitude higher than that of a comparable sample of a
nanowire film of 4a (9 × 10−8 cm2 V−1 s−1). These findings,
hence, appear to correlate with the substantially different CD
spectra of the two derivatives (see above), considering that
both are equally strongly aggregated according to IR as well as
UV−vis spectroscopy and give rise to well-defined nanofibrils.

■ CONCLUSIONS
We presented a detailed study on the structure−property
relationship for a series of self-assembled nanowires from
oligopeptide-polymer-substituted perylene bisimides compris-
ing a varying number of L-alanines within the β-strands as well
as differently long alkylene spacers between the central
chromophore and the oligopeptide segments. Both UV−vis
and CD spectroscopy showed that these suble differences in the
molecular design significantly influenced the precise arrange-
ment of the π−π-stacked chromophores within the aggregate.
This was especially pronounced in the CD spectra, as they
exhibited an unprecedented two-fold odd−even effect in regard
to the intensity and sign of the Cotton effect as a function of
the number of L-alanines and spacer length. The observation of
both left- and right handed helical aggregates as well as
assemblies with no global handedness is likely the result of a
complex interplay between the “universal” translation of
molecular chirality into supramolecular helicity and the
molecules’ inherent propensity for well-defined one-dimen-
sional aggregation into β-sheet-like superstructures in the
presence of a central chromophore. Thus, the observed
formation of well-defined nanofibrils provides an illustrative

Figure 4. In solution-phase CD spectra (c = 1 × 10−4 mol/L, TCE, 293 K) of 1a−4a, 1b−4b, and 2c, 3c derivatives with an odd number of L-
alanines per side group showed strong CD activity and well-defined CD spectra (white background, “anti-SED/SOL”), while CD spectra of
derivatives with an even number of L-alanines were less resolved with undefined zero-crossings and much weaker signal intensities (gray
backgrounds, “SED/SOL”). Furthermore, the CD spectra exhibited a two-fold odd−even effect in the sign of the Cotton effect (red = negative, blue
= positive), alternatingly reversing with both the number of L-alanines and the length of the alkylene spacer.
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example for nanostructure and hierarchical structure formation
by supramolecular self-assembly using as simple as possible sets
of competing interactions.44 This is particularly relevant in
order to develop reliable design rules for self-assembled organic
nanowires for several reasons. First of all, an unambiguous
helicity of the supramolecular assembly renders the nanowires
self-limiting with respect to lateral aggregation and bundle
formation, which is the basis for obtaining well-defined
nanowires. Second and more importantly, although a helical
arrangement of the chromophores is not a prerequisite for
efficient charge transport as such, our results demonstrate that
even derivatives with similar molecular structures and self-
assembly behavior can have significantly different charge
transport properties that appear to correlate with the nature

of their CD spectra. It is, hence, not generally sufficient to
prepare one-dimensional aggregates of π-conjugated molecules
in order to obtain self-assembled nanowires (as opposed to
nonconducting nanofibrils). Instead, the exact molecular
arrangement within the aggregates and, consequently, even
supposedly minor details of the molecular structure may play an
important role, which is a further reason to avoid overly
complex molecular designs. In the case of oligopeptide-
substituted chromophores such as those investigated here, all
derivatives with more than n = 2 L-alanine residues per side
group were strongly aggregated. But derivatives bearing an odd
number of L-alanines in the side groups appear to be
particularly promising candidates for further investigations of

Figure 5. (a,b) MD simulations of the two stable suprameolecular arrangements of 3a resulting from two different molecular conformations. The
two innermost oligopeptide carbonyl groups (as indicated by the small arrows) in model 3a′ were oriented in opposite directions, so as to minimize
the global dipole moment of the assembly leading to a single-handed left-helical aggregate (curved red arrow). By contrast, they pointed into the
same direction in model 3a″, which results in a balanced steric load on the two faces of the β-sheet tapes (blue ⊗ and ⊙ indicate methyl groups
pointing into and out of the plane of projection) but produces a formal nonzero residual dipole-moment for the derivatives with an even number of
L-alanines. The resulting aggregate showed no global handedness but a transition from a left- (curved red arrow) to a right-handed helix (curved blue
arrow). (c,d) Applying this formalism to all molecules within a series of a given spacer length revealed a formal odd−even effect that is depending on
the overall steric and electronic interactions upon aggregation.
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their electronic properties and macroscopic transport behavior
in organic electronic devices.
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