
Helical Structures

DOI: 10.1002/ange.200503258

Cholesterol-Aided Supramolecular Control over
Chromophore Packing: Twisted and Coiled
Helices with Distinct Optical, Chiroptical, and
Morphological Features**

Ayyappanpillai Ajayaghosh,* Chakkooth Vijayakumar,
Reji Varghese, and Subi Jacob George

Dedicated to Professor S. Chandrasekaran
on the occasion of his 60th birthday

The controlled ordering and orientation of chromophores at
the supramolecular level on the nano- to micrometer scale is
important owing to their potential applications in optoelec-
tronic devices.[1] Although long-range supramolecular order-
ing of chromophoric assemblies has been extensively stud-
ied,[2, 3] the control of such hierarchical assemblies to give
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functionally and morphologically different nanoscopic archi-
tectures through a preferred packing of the individual
chromophores remains elusive. This is particularly true with
linear p-conjugated systems, which play crucial roles in
organic electronic devices, as the charge-transport properties
of conjugated molecules are strongly influenced by the long-
range ordering of the chromophores.[4–6] In this context, we
have been interested in the self-assembly-induced modulation
of optical and morphological properties in oligo(p-phenyl-
enevinylene) (OPV) derivatives.[7] However, a precise control
over the packing of chromophores into a desired morphology
in such a system is still a matter of great importance.

Herein, we show that substitution patterns of cholesterol-
appended OPVs allow unprecedented control over the align-
ment of chromophores and result in distinct optical, chirop-
tical, and morphological properties. There have been several
reports on cholesterol-appended chromophoric systems that
self-assemble to form supramolecular architectures and
gels.[8,9] Nevertheless, this is the first report on the use of
cholesterol moieties as the driving force for biasing the
organization of chromophores through different packing
modes, leading to control over nanoscopic properties of the
resultant hierarchical self-assembly.

The mono- and disubstituted cholesterol-appended OPVs
1 and 2, respectively, were prepared by treatment of the
corresponding bis(hydroxymethyl)-OPVs[7a] with cholesteryl
chloroformate and characterized by 1H NMR spectroscopy
and MALDI-TOF mass spectrometry.[10] Solutions of the
mono- and disubstituted OPVs in chloroform (3 9 10�4

m)
showed identical absorption and emission spectra[10] with an
absorption maximum at l= 408 nm (p–p* transition) and
emission maxima at l= 466 and 494 nm. The quantum yields
of fluorescence (Ff) for solutions of 1b and 2b in chloroform
were measured as Ff= 0.76 and 0.82, respectively, using
quinine sulfate as standard, and Ff= 0.32 and 0.55, respec-
tively, for solutions of 1b and 2b in decane at 20 8C using
Rhodamine 6G as standard. Similarly, the absorption and
emission spectra of solutions of 1b and 2b in decane at

elevated temperatures showed identical features to those in
chloroform. However, the UV/Vis spectrum of 1b in decane
at 20 8C exhibited a broad absorption (lmax= 402 nm) with a
red-shifted shoulder around 470 nm (Figure 1a). This is a

general feature of OPV derivatives in nonpolar hydrocarbon
solvents.[6a,7a,d] On the contrary, 2b showed a structured
absorption with a blue-shifted maximum (Dlmax= 10 nm)
and two new bands at l= 414 and 444 nm (Figure 1b).
Noticeably, the new band of 2b at 444 nm is blue-shifted by
nearly 26 nm relative to the shoulder band of 1b. Similar blue-
shifted spectra, which are ascribed to the formation of
H aggregates, were reported by others for some OPV
derivatives.[11]

The emission spectra of 1b and 2b in decane at 50 8C
showed identical features with two maxima (lmax= 456 and
484 nm for 1b ; lmax= 457 and 485 nm for 2b). However, in

decane at 20 8C, 1b showed a
broad structureless emission
between 500–700 nm with a
maximum around 560 nm
(Figure 1c), whereas 2b dis-
played a structured emission
with two emission maxima at
494 and 528 nm (Figure 1d).
The variation of the absorp-
tion and emission spectra
with solvents and tempera-
ture reveals that in decane at
ambient temperatures these
molecules form aggregates
whose electronic properties
are different from each
other. Although these obser-
vations can be rationalized
by invoking H-type[9e,11] and
J-type[6a] aggregation in
analogy to previous reports,

Figure 1. Absorption spectra of a) 1b and b) 2b, and emission spectra
of c) 1b and d) 2b in decane (c=3A10�4m, l=1 mm, lex=370 nm).
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we find difficulties with such assignments for two reasons:
The red and blue shifts of the aggregates of 1b and 2b with
respect to the corresponding monomers are not very pre-
dominant. Furthermore, the emission spectrum of 2b is more
intense than that of 1b. By normal practice, if the blue-shifted
absorption spectrum of 2b is assigned to the presence of
H aggregates, it should be less intense relative to the spectrum
of the J aggregates of 1b. Therefore, we prefer to address
these aggregates as “pseudo-H” and “pseudo-J” with twisted
and tilted chromophore stacks for 2b and 1b, respectively. In
such cases, the difference in the excited state dipole moment
orientation of the two aggregates results in distinct optical and
chiroptical features.

Solutions of 1b and 2b in chloroform were circular-
dichroism-inactive (Figure 2). However, the CD spectrum of

2b in decane (3 9 10�4
m) showed an exciton-coupled bisignate

signal with negative (lmax= 418 nm) and positive (lmax=

385 nm) Cotton effects, which change sign exactly through
the p–p* absorption maximum at 398 nm (Figure 2a). This
behavior is characteristic of a left-handed helical bias of the
supramolecular chirality.[12] In the case of 1b, the CD
spectrum in decane showed a strange behavior with first a
positive (lmax= 393 nm) followed by two negative (lmax= 308
and 269 nm) Cotton effects. The non-bisignate exciton
couplet with opposite signals indicates the possibility of
different chiral dispositions. Furthermore, the measure of
chirality, g, for 1b is low (g393nm= 5.2 9 10�4) relative to that for
2b (g385nm= 9.3 9 10�4) which indicates a weak exciton cou-
pling in the former. These differences in the CD spectra
reiterate the differences between the aggregates of 1b and 2b
and agree with the absorption and emission properties.

A striking consequence of the different arrangements of
chromophores for 1b and 2b is the disparity in the gelation
behavior between the two.[10] Although both compounds
induce the gelation of a variety of hydrocarbon solvents, gels
with 2b were relatively weaker than those with 1b. The
critical gelator concentration (CGC) of 2b in decane is 7.0 mm

whereas that of 1b is only 3.4 mm, which is nearly twofold less
and points to more efficient gelation of the latter. Plots of the
concentration of gelator against the melting temperature of
the gel showed enhanced stability for the gel of 1b (Fig-
ure 3a). The gel with 1b showed a weak yellow emission
whereas the gel from 2b displayed a relatively strong green
emission (Figure 3a). Furthermore, the weak yellow emission
of the former reveals better electronic conjugation with

strong p interaction between the chromophores relative to
those of the latter. The optical polarizing microscopy (OPM)
textures of 2b showed streaklike textures[13a] with strong
birefringence. On the other hand, 1b showed four-arm brush
textures similar to cholesterol gelators[13b] and chiral OPV

Figure 2. CD spectra of a) 2b and b) 1b in chloroform (a) or
decane (c). c=3A10�4m, l=1 mm.

Figure 3. a) Plots of Tgel versus the concentration of 1b (blue) and 2b
(red) in decane. Insets: Photographs of the corresponding gels under
illumination; b, c) OPM pictures (400A magnification) of the decane
gels of 1b (3.5A10�3m ; b) and 2b (7.2A10�3m ; c).

Figure 4. AFM images of a) 1b and b) 2b with the corresponding
height profiles shown. c) Zoomed region of assembly 1b and d) iso-
lated fibers of 2b with the corresponding section analyses. Samples
were prepared from solutions in decane (c=1A10�5m) and transferred
to freshly cleaved mica sheet by drop-casting. See Supporting Informa-
tion for detailed section analyses.
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gelators.[7c] This observation reveals the
differences in the supramolecular aniso-
tropy leading to different mesoscopic
structures. It is clear that hydrogen bonds
in 1bmake significant contributions to the
observed differences in the gelation and
mesoscopic properties, whereas the orien-
tation of the chromophore plays a crucial
role in the optical and chiroptical proper-
ties.

The atomic force microscopy (AFM)
textures of 1b and 2b obtained from
solutions in decane showed significant
differences, although both assemblies
adopt right-handed (P) helical structures.
The helicity of 1b is in agreement with the
CD spectrum, whereas that of 2b dis-
agrees with the bisignate CD signal. Such a
contradiction of the observed CD and
morphological features have previously
been reported.[5c,14] In many cases, the
initially formed 1D aggregates with a
left-handed twist may wind in the opposite
direction during the higher-order assembly
to result in an ultimate right-handed twist,
as can be seen to some extent in some of
the large fibers of 2b. AFM analysis
reveals ribbonlike structures of 1b that
are flat and aligned sideways to form coiled superstructures.
The width of the individual ribbons varies from 30 to 70 nm,
with an average height of 4–8 nm. The height of 8 nm
corresponds to two individual tapes lying one over the
other. Interestingly, 2b showed a morphology comprised of
entangled helical fibers of different sizes. The width of the
smallest fiber is 40 nm, with a height of 4 nm and is several
micrometers in length. The height profiles of wide areas of the
samples showed a uniform height for 1b, whereas a height
variation of 4–50 nm was observed for 2b.[10] Furthermore,
section analysis along the axis (Figure 4c and d) revealed that
assemblies of 1b have an irregular helical pitch of 40–80 nm
whereas those of 2b are almost uniform with zigzag patterns
and have a pitch length of 46 nm. Irregular movements of the
AFM tip through the long axis of the assembly with variable
pitch length and uniform height profile are characteristic of a
flexible and flattened coiled tapelike morphology of 1b. In
contrast, the uniform zigzag patterns along the axis and
variable height profiles of 2b are characteristic of twisted
helical fibrillar assemblies of different size that are inter-
twined.

On the basis of the differences in the optical, chiroptical,
gelation, and morphological properties, it is clear that the
packing of the chromophores in the assemblies of 1 and 2 are
remarkably different. The features of the absorption, emis-
sion, and CD spectra strongly support a well-organized
twisted helical arrangement of the chromophores in the di-
cholesterol-substituted molecules 2 whereas a tilted extended
packing of the hydrogen-bonded chromophores is favored for
the monocholesterol derivatives 1 (Figure 5). The extended
supramolecular assembly of the twisted packing (pseudo-

H aggregates) leads to twisted helical assemblies, whereas the
tilted packing (pseudo-J aggregates) may result in a coiled
helical assembly as shown in Figure 5.

In conclusion, we have shown that symmetrical and
unsymmetrical functionalization of OPVs with cholesterol
moieties allows a controlled supramolecular organization
which results in helical nanoscopic architectures that display
remarkable differences in optical, chiroptical, and morpho-
logical properties, as illustrated by the two classes of
molecules 1 and 2. The approach described here can be
used as a general strategy to control the chromophore
ordering which may be useful to the design of nanoscopic
functional assemblies for optoelectronic applications.
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