
DOI: 10.1002/asia.200600039

Unexpected Chiroptical Inversion Observed for Supramolecular Complexes
Formed between an Achiral Polythiophene and ATP
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Introduction

Chirality induction, amplification, and inversion in supra-
and macromolecular p-conjugated systems have attracted
widespread interest in view of their importance for the
better understanding and mimicking of stereochemical as-
pects in biological systems and for potential applications to
molecular electronics, sensing, and asymmetric catalysis.[1,2]

Oligo- and polythiophenes (PTs) that bear covalently linked

chiral a or b substituents have been widely studied for these
purposes, in which highly ordered, optically active super-
structures were constructed by intermolecular p-stacking in
poor solvents at low temperature or in thin films.[3–11] Al-
though the chirality of these supramolecular aggregates is
generally determined by the intrinsic structure of the com-
ponents, the inversion of optical rotation of the chiral PT ag-
gregates can be achieved by changing solvent and tempera-
ture, or by controlling the cooling rate of the films from a
disordered phase at high temperature.[3,4,6]

Recently, we and others succeeded in the construction of
supramolecular optically active PTs upon noncovalent com-
plexation of achiral PTs and biopolymers with helical con-
formations such as DNA,[12] peptides,[13] and polysaccha-
rides,[14] and detected an induced chirality in the backbone
of PTs owing to the interpolymer complex formation
through electrostatic or hydrophobic interactions. Herein,
our attention is focused on extending this concept to the
creation of supramolecular optically active PTs by noncova-
lent complexation with small chiral bioanions. We report a
new approach to chirality induction in an optically inactive
water soluble PT derivative, PT-1, upon noncovalent com-
plexation with a small bioanion, adenosine triphosphate
(ATP), in water and the subsequent chiroptical inversion
through adjustment of the ATP concentration. To the best
of our knowledge, this is the first observation of chirality in-
duction and inversion in an intermolecularly p-stacked com-
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plex that consists of an achiral conjugated polymer and
small chiral bioanions.[15]

Results and Discussion

UV/Vis and CD Spectroscopic Studies on Complexation of
PT-1 with ATP

The complexation of an achiral polythiophene derivative
PT-1 with ATP was monitored by absorption and CD spec-
troscopy. As reported previously,[14] PT-1 shows high solubil-
ity in water and exhibits an absorption maximum at 400 nm
as expected for a random-coiled conformation of the PT
backbones (Figure 1a). In the mixtures of PT-1 with ATP,
the absorption maximum is red-shifted to 538 nm, along
with a change in the solution from yellow to purple, which
can be used for colorimetric ATP sensing.[16] The red shift of
the absorption maximum and the appearance of characteris-
tic vibronic bands are associated with changes in the confor-
mation and the aggregation mode of PT backbones,[3c] in
which a more planar conformation and a stronger intermo-
lecular p-stacking interaction are induced upon noncovalent
binding with ATP.

PT-1 itself is optically inactive, and no CD pattern in the
p–p* transition region was detected, which indicates that
PT-1 adopts an achiral random-coiled conformation in
water. Interestingly, upon the introduction of ATP, an in-
tense split-type induced CD (ICD) in the p–p* transition
region was observed (Figure 1b). The zero-crossing point
close to the absorption maximum indicates the presence of
strong exciton coupling between PT backbones in the chiral-
ly p-stacked PT-1/ATP complex.[3c] Although chirality induc-
tion in an optically inactive conjugated polymer through
noncovalent bonding interaction with small chiral molecules
is well known for polyacetylene derivatives,[15,17] polyani-
line,[18] and polypyrrole,[19] there is no precedent in which
chiral supramolecular polythiophene complexes are con-
structed by this strategy; that is, this is the first observation
of the chirality induction of an optically inactive polythio-
phene derivative through noncovalent binding with small
ACHTUNGTRENNUNGbioanions attained in aqueous solution. Moreover, the re-
sults obtained here are in stark contrast to those of chiral
supramolecular complexes formed by complexation of achi-
ral PTs with biomacromolecules such as DNA,[12] polypep-
tides,[13] and polysaccharides,[14] in which chiral structural
factors are induced intramolecularly within each individual
polymer chain. Most interestingly, the Cotton effect of the
chiral supramolecular PT-1/ATP aggregates reveals a dra-
matic inversion of chirality with a change in the concentra-
tion of ATP (Figure 1b), which has never been observed in
chiral macromolecular complexes. The most striking feature

Figure 1. a) UV/Vis and b) CD spectra of PT-1 (0.10 mm) in the absence
and the presence of various amounts of ATP in water at 20 8C. ATP con-
centrations (from front to back): 0, 0.001, 0.0125, 0.025, 0.10, 0.15, 0.175,
0.20, 0.25, 0.375, and 0.50 mm.
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of this behavior is that the absorption spectra are similar to
each other, whereas the CD spectra are very different, and
the unexpected inversion of the CD pattern is induced at
higher ATP concentrations.

Effect of Nucleotides on Formation of Chiral Complex

To shed light on the mechanism of chiral supramolecular
complex formation, the effects of nucleotides that bear dif-
ferent numbers of phosphate groups and different structures
of nucleobases on the aggregation structure and chirality in-
duction in achiral PT-1 were examined. Figure 2 compares

the absorption and CD spectra of PT-1 in the presence of
adenosine monophosphate (AMP), adenosine diphosphate
(ADP), and ATP. Upon the introduction of adenosine nu-
cleotides, the absorption maxima are red-shifted from 400
(PT-1 only in water) to 416 (AMP), 448 (ADP), and 538 nm
(ATP), thus indicating that a more-planar conformation and
a strong intermolecular interaction are induced upon nonco-
valent binding with these bioanions. CD spectroscopic re-
sults indicate that chiral aggregates of PT-1 can also be in-
duced by noncovalent complexation with ADP, whereas no
chiral superstructure is formed from AMP even at its high
concentrations. The strongest ICD intensity observed for the
complex with ATP suggests that the multiple electrostatic
interactions between oligoanionic triphosphate and quater-

nary ammonium groups of PT-1 play a crucial role in pro-
moting the formation of chiral superstructures from PT-1.[20]

Moreover, the effect of nucleotide triphosphates that bear
different nucleobases on the aggregation structure and chir-
ality induction in achiral PT-1 was also examined (Figure 3).

It was found that ATP can induce a more-ordered super-
structure and give a stronger optical activity in the p–p*
transition of the PT-1 backbone than uridine triphosphate
(UTP). These results indicate that the p-stacking interaction
between nucleobases is another dominant factor for the in-
duction of a helical packing mode of PT-1 main chains into
the chiral superstructure.

Temperature-Dependent Absorption and CD Spectra of
Chiral Supramolecular Complexes

To obtain more insight into the formation mechanism of the
optically active supramolecular PT-1/ATP complex, temper-
ature-dependent absorption and CD spectra of the PT-1/
ATP and PT-1/UTP complexes were collected (Figure 4). It
is clear that with increasing temperature, the magnitudes of
the absorption and ICD bands, which originate from the
chiral superstructures, with the fine vibronic structures are
decreased gradually. At 60 8C, the ICD signal of the PT-1/
UTP complex totally disappears, and the vibronic bands
from the aggregated phase are displaced by a broad peak at

Figure 2. a) UV/Vis and b) CD spectra of PT-1 (0.10 mm) in the absence
and the presence of AMP (0.10 mm), ADP (0.035 mm), and ATP
(0.025 mm) in water at 20 8C.

Figure 3. a) UV/Vis and b) CD spectra of PT-1 (0.10 mm) in the absence
and the presence of ATP (0.025 mm) and UTP (0.025 mm) in water at
20 8C.
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410 nm, which signifies that the chiral superstructures
formed at room temperature are dissociated into nonaggre-
gated PT-1 with the achiral random-coiled conformation. In
contrast, the PT-1/ATP complex exhibits only a 60% de-
crease in the ICD intensity at 60 8C with respect to that at
20 8C. Moreover, the presence of a clear isosbestic point in
the temperature-dependent CD spectra of the PT-1/ATP
complex also confirms that the more-ordered chiral super-
structure with the preferred handedness is induced upon
noncovalent complexation of PT-1 and ATP compared to
that of PT-1 and UTP. These results further indicate that the
hydrophobic interaction between the nucleobases is a key
factor for promoting the formation of stable chiral super-
structures of PT-1.

Stoichiometry of Chiral Supramolecular Complex
Formation

The stoichiometry of the complex formation was evaluated
by means of continuous-variation plots from CD spectro-
scopic studies (Figure 5). The ICD intensity increases gradu-
ally with the increase in the molar fraction of PT-1 (repeat-
ing unit) and attains the maximal values of around 0.75 (for
PT-1/ADP) and 0.85 (for PT-1/ATP), which correspond to
the molar ratios of 3:1 (PT-1/ADP) and 6:1 (PT-1/ATP).
The stoichiometric ratios obtained here deviate from those
simply expected from the complementary electrostatic inter-
action and give the net positive charge of the supramolec-
ular complexes. This finding allows us to conclude that

Figure 4. Temperature-dependent a,b) absorption and c,d) CD spectra of the a, c) PT-1/ATP and b,d) PT-1/UTP complexes. [PT-1]=0.10 mm, [ATP]=
[UTP]=0.025 mm. Plots of e) the relative absorbance of PT-1 at 538 nm (p-stacking aggregates) and 400 nm (random coil) (A538/A400) and f) ICD intensi-
ties of the chiral complexes against temperature.
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stable homogeneous dispersion in water is maintained by
these excess cationic charges. The high cooperativity of elec-
trostatic, hydrophobic, and aromatic stacking interactions
would be responsible for these ratios, as reported for those

of supramolecular complexes formed between thiacarbocya-
nine dye and nucleotides.[2d]

Microscopic and DLS Studies of Supramolecular Complexes
with Opposite Optical Rotation and Possible Mechanism for

Chiroptical Inversion

In contrast to the chirality inversion observed for the PT-1/
ATP complex, the CD patterns of the PT-1/ADP and PT-1/
UTP complexes in the aggregated phase are identical for all
the conditions examined here ([PT-1]=0.10 mm, [ADP] (or
[UTP])=0.025–0.50 mm). These results indicate that ATP is
a specific building block for the concentration-induced chir-
ality inversion in this two-component molecular assembly,
which consists of an achiral PT-1 host and a nucleotide
guest, and suggest that the high cooperativity of electrostatic
and hydrophobic interactions, that is, the balance between
these two interactions, are responsible for this novel chirop-
tical inversion.[21] The solvent-induced chirality inversion in
PT[6c] and poly(p-phenylenevinylene)[22] aggregates is tenta-
tively attributed to the formation of two types of p-stacked
chiral superstructures: a cholesteric liquid-crystalline-type
assembly of coplanar chains and a stack of twisted backbone
chains. In these systems, however, it is not clear what type
of architecture is responsible for each observed handedness.
As shown in Figure 1a, at the higher ATP concentration,
the chiral PT-1/ATP complexes with positive first Cotton
effect exhibit red-tailing in the absorption spectra, thus sug-
gesting the presence of larger light-scattering aggregates. To
get a full picture of the chiroptical inversion of the com-
plexes, TEM and AFM images of the chiral PT-1/ATP com-
plexes with opposite optical rotation were recorded
(Figure 6). The microscopic observation gives direct evi-

Figure 5. Job plots for the formation of the chiral a) PT-1/ATP and b) PT-
1/ADP complexes in water at 20 8C. [PT-1]+ [ATP or ADP]=0.20 mm ;
XPT-1= [PT-1]/ ACHTUNGTRENNUNG([PT-1]+ [ATP or ADP]).

Figure 6. a,b) TEM and c,d) AFM images of the PT-1/ATP complexes with opposite Cotton effects. a, c) The PT-1/ATP complex with negative first
Cotton effect; [PT-1]=0.10 mm, [ATP]=0.025 mm. b,d) The PT-1/ATP complex with positive Cotton effect; [PT-1]=0.10 mm, [ATP]=0.25 mm. e) Mag-
nified image of one composite observed in c). f) Section analysis of image e).
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dence that the complexes with opposite Cotton effects have
different aggregation structures: at the lower ATP concen-
tration, the complex with negative first Cotton effect forms
disk-like aggregates with diameters of around 50 nm, where-
as entangled fibrous structures are observed for the complex
with positive first Cotton effect formed at the higher ATP
concentration. Dynamic light scattering (DLS) analysis pro-
vides direct information about the size of the chiral supra-
molecular aggregates in solution (Figure 7). At the lower

ATP concentration (0.025 mm), the complexes with negative
first Cotton effect have an average hydrodynamic diameter
(d) of 52.5 nm measured at a PT-1 concentration of 0.10 mm
at 25 8C. On the other hand, the complexes with positive
first Cotton effect prepared at the higher ATP concentration
(0.25 mm) have an average d of 1300 nm. These results are
consistent with those observed by microscopic methods
(TEM and AFM), thus indicating that the complexes with
opposite Cotton effects have different aggregation structures
and that the superstructures observed by microscopic meth-
ods are already formed in solution, not during the sample-
preparation processes. Combining the spectroscopic and mi-
croscopic results discussed above, we propose, therefore,
that the electrostatic binding modes between the oligoanion-
ic triphosphate of ATP and the cationic ammonium charge
in PT-1 may depend on the ATP concentration and subse-
quently influence the p–p stacking between nucleobase ade-

nine groups. The synergistic effect between these two types
of interactions could lead to a small energy difference be-
tween these two diastereomeric forms of the PT-1/ATP com-
plexes formed at different ATP concentrations.

Conclusions

In conclusion, we have developed a novel, efficient ap-
proach to the construction of chiral supramolecular com-
plexes from an achiral water-soluble PT host and a chiral
ATP guest through noncovalent interactions in water. We
expect that this noncovalent approach will not only open a
new way for the construction of chiral superstructures of
conjugated polymers through intermolecular p-stacking in-
teractions, but also provide an important clue to the realiza-
tion of chiral inversion which has so far been attained only
by a change in solvent and temperature.

Experimental Section

General

All chemicals were obtained commercially from Aldrich and Tokyo
Kasei Kogyo Co., Ltd. and were used as received. The water-soluble
polythiophene derivative, PT-1, was synthesized and purified as reported
previously.[14a] Aqueous stock solutions of ATP, ADP, AMP, and UTP
were prepared in pure water (Millipore, 18.2 MW), and the concentra-
tions of nucleotides were determined by using e259 (ATP, ADP, AMP)=1.54L
104m�1 cm�1 and e262 (UTP)=1.00L10

4
m

�1 cm�1, respectively, in phosphate
buffer (100 mm, pH 7.0).

Sample Preparation

As a typical procedure, the supramolecular complexes were prepared by
adding PT-1 aqueous stock solution (5 mm based on the repeating unit)
into a dilute aqueous solution of nucleotides with the given concentra-
tions. The pH values of ATP with concentrations of 0.025–0.50 mm are in
the range of 5–6. To get reproducible results, all spectra of the complexes
were recorded by mixing fresh solutions of PT-1 and nucleotides, as the
complex formation shows, to some extent, hysteresis upon the stepwise
introduction of guest nucleotides.

Measurements

UV/Vis and CD spectra were acquired on a Hitachi U-3000 spectropho-
tometer and a Jasco J-720WI spectropolarimeter, respectively. AFM and
TEM observations were carried out on a Topo METRIX SPM2100 and a
JEOL JEM-2010 microscope (acceleration voltage 120 kV), respectively.
DLS studies were conducted on an Otsuka Electronics Photal DLS-
7000DL instrument equipped with a HeNe laser (632.8 nm) at 25 8C.
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