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Abstract

An amphiphilic ethynyl-pyrene derivative modified with phosphonic acid groups (PyTOH) was synthesized and characterized. Single-
stranded DNA (ssDNA), which carries negative charges, was found to induce the self-assembly of PyTOH through electrostatic inter-
actions with Mg2+ as co-complexation ion in aqueous solution. UV–vis, fluorescence, and circular dichroism (CD) spectra revealed that
left-handed helical architecture of PyTOH/Mg2+/DNA was formed. Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) showed that nanoscale structures could be fabricated by self-assembly.
� 2008 Published by Elsevier Ltd.
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Design and synthesis of supramolecular assemblies that
mimic the molecular organization in biological systems is
of widespread interest, especially in the fields of information
storage, light energy conversion, and optical devices.1 In
general, the supramolecular systems can be constructed
through weak interactions such as hydrogen-bonding, p–p
stacking, electrostatic interaction, van der Waals forces,
and solvophobic interactions. DNA-templated fabrication
is a significant approach for constructing the supramole-
cular assemblies, and many advances have been achieved
in this field.2 The molecular recognition features present
in DNA have been incorporated into amphiphiles to afford
DNA analogs.3 They have also served as templates for the
deposition of conductive materials and silver metallization.4

Pyrene and its derivatives exhibit interesting electro-
chemical and photophysical properties, which have
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attracted considerable research interests in their aggrega-
tion-induced emissions and nanometer-scale molecular
architectures.5 However, they are rarely exploited for fabri-
cating chiral supramolecular architectures with DNA
through metal-coordination interactions. Herein, we
describe the synthesis of an amphiphilic ethynyl-pyrene
(PyTOH) containing phosphonic acid groups and the eval-
uation of its self-assembly behavior with ssDNA in the
presence of Mg2+ ions in aqueous solutions (Scheme 1).
The importance of Mg2+ ions has been reported in cata-
lyzing the self-assembly and stabilizing the supramolecular
structures.6
Scheme 1. Chemical structure of PyTOH and single-stranded DNA.
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Scheme 2. Synthetic routine of PyTOH.
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The amphiphilic PyTOH consists of two phosphonic
acid groups, which are linked at both ends of the aromatic
ethynyl-pyrene core. The synthesis of PyTOH is shown in
Scheme 2.7 Phosphonate (2) was afforded from 4-iodo-
benzyl bromide (1) by a Michaelis–Arbuzov reaction,
followed by treatment with compounds (3) under basic
condition to yield the corresponding precursor PyTOEt

(4). The Sonogashira reaction was used to build triple
bonds. Cleavage of the ethyl protecting groups afforded
the target PyTOH (5). PyTOH was characterized by
NMR spectroscopies and ESI mass spectrometry. These
spectra indicated that PyTOH existed as mono-ammonium
salt with triethylamine.

PyTOH in water exhibits the absorption maxima at
410 nm with a shoulder peak at 455 nm (for the ethynyl-
pyrene core) and the emission maxima at 430 nm upon
excitation with 400 nm in dilute solution. The fluorescence
quantum yield (U) of PyTOH in water was measured to be
0.05 using rhodamine 6G as standard. The addition of
Mg2+ to the solution of PyTOH in water resulted in an
obvious decrease in the absorbance of the peak at 410 nm
and maintained peak position of absorption maximum.
The emission intensity was also observed to decrease upon
the addition of Mg2+ (Fig. 1). The stoichiometry of
PyTOH/Mg2+ complex was determined by the method of
Fig. 1. (A) UV–vis absorption, and (B) fluorescence (excitation at 400
[PyTOH] = 1.0 � 10�5 M, [Mg2+] = (a) 0; (b) 5.0 � 10�6 M; (c) 1.0 � 10�5 M
continuous variations (Job’s plot). The result obtained
indicates the formation of a 1:2 PyTOH/Mg2+ complex.

To investigate the possible expression of chirality within
the aggregates and thus gain more information on the
structure of the assemblies, absorption, fluorescence, and
circular dichroism (CD) experiments were carried out to
study the self-assembly behavior of PyTOH/Mg2+/DNA
in aqueous solution. The CD spectrum of ssDNA itself in
aqueous solution shows a positive Cotton effect (from
303 nm to 260 nm) followed by a negative Cotton effect
at short wavelengths (from 260 nm to 230 nm) (Fig. 2C).
The concentration of DNA/Mg2+ ([DNA] = 1.0 � 10�4 M,
1:2) was kept constant, and the change of the CD spectra of
the complex PyTOH/Mg2+/DNA was followed as a func-
tion of increasing concentration of PyTOH in 0.1 M Tris/
HCl buffer solution (Fig. 2A). At the concentration of
PyTOH above 3.0 � 10�5 M, the CD spectra of the com-
plex showed obvious negative cotton signal from 460 nm
to 380 nm, which corresponded to the p–p* absorption of
PyTOH. This result indicates that the chirality of PyTOH

is induced by the DNA upon complexation leading to a
left-handed helical stacking of the PyTOH.8 In the control
experiments, solutions of PyTOH, PyTOH/Mg2+, and
PyTOH/DNA were CD-inactive above 350 nm wave-
length, which indicated that Mg2+ played an important
nm) titration of Mg2+ to PyTOH in 0.1 Tris/HCl buffer solution.
; (d) 2.0 � 10�5 M.



Fig. 2. (A) CD spectra, (B) UV–vis absorption titration of PyTOH to DNA/Mg2+ in 0.1 Tris/HCl buffer solution. [DNA] = 1.0 � 10�4 M, [PyTOH] =
(a) 0; (b) 3.0 � 10�5 M; (c) 6.0 � 10�5 M; (d) 8.0 � 10�5 M; (e) 1.0 � 10�4 M. (C) CD spectrum of ssDNA in buffer solution (c = 1.0 � 10�5 M).
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role in catalyzing the self-assembly and stabilizing the
supramolecular structures. The self-assembly behavior of
PyTOH/Mg2+/DNA is strongly dependent on the concen-
tration of PyTOH used.

We also measured the effect of DNA concentration on
the CD signals of PyTOH/Mg2+/DNA in buffer solution
at 15 �C. Although the solution of PyTOH/ Mg2+ is CD-
silent, upon the addition of DNA, the CD spectra with
the negative cotton effect at 455, 410 nm was observed
(Fig. 3). Noted that the CD signal was not changed with
varying DNA concentration. The results indicate that the
DNA drives the helical structure of PyTOH and contrib-
utes to the stability of the complex.

To further take an insight into the self-assembly process
among the three building blocks, temperature-dependent
optical measurements were carried out for the 1:2:1 com-
Fig. 3. CD spectra of PyTOH/Mg2+/DNA as a function of varying DNA
concentration in 0.1 Tris/HCl buffer solution. [PyTOH] = 1.0 � 10�4 M,
[DNA] = (a) 0; (b) 4.0 � 10�5 M; (c) 6.0 � 10�5 M; (d) 1.0 � 10�4 M.

Fig. 4. (A) Temperature dependence of the CD spectra, (B) UV–vis absorption
ratio: 1:2:1), (C) FL spectra ([PyTOH] = 1.0 � 10�5 M) in 0.1 Tris/HCl buffer
plex PyTOH/Mg2+/DNA in aqueous solution. When the
temperature was increased from 5 to 60 �C, the absorbance
intensities of the complex PyTOH/Mg2+/DNA at 410 and
455 nm obviously decreased, but those at 340 nm and 480–
680 nm increased (Fig. 4B). While the solution of PyTOH

in water was cooled down from 60 to 5 �C, the emission
intensities were enhanced by probably 25-fold accompany-
ing by a red-shift of 10 nm (Fig. 4C). These results indi-
cated that the rotation of the alkyne-aryl moiety was
effectively limited leading to the enhanced emission effi-
ciency when the temperature was decreased.9 The presence
of two well-defined isosbestic points at 367 and 478 nm,
respectively, showed the clean conversion of twisted struc-
ture to coplanar type. Although it was well known that CD
spectra induced by the formation of chiral aggregates were
sensitive to temperature,10 the intensity of CD spectra of
the complex PyTOH/Mg2+/DNA in buffer solution did
not change much within the temperature range from 5 to
60 �C. This behavior probably resulted from the strong
binding force between PyTOH and DNA through Mg2+

ions co-coordinating interactions.
The morphologies of the PyTOH/Mg2+/DNA complex

were studied by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Samples were prepared
by casting PyTOH/Mg2+/DNA from water solution onto
silicon slices or mica. Figure 5a showed that the complex
in water ([PyTOH] = 5.0 � 10�5 M, [DNA] = 1.0 �
10�4 M, [Mg2+] = 5.0 � 10�5 M) could form the aggre-
gated nanostructures consisting of nanoparticles with
diameters in the range of 30–150 nm. The AFM image of
the complex also shows the formation of spherical assem-
of self-assembly of PyTOH/Mg2+/DNA ([PyTOH] = 1.0 � 10�4 M, mol.
solution; (a) 5 �C; (b) 15 �C; (c) 50 �C; (d) 60 �C.



Fig. 5. SEM image of PyTOH/Mg2+/DNA (mol. ratio, 1:2:1) (a), AFM image (b), and dynamic laser light scattering (c) of PyTOH/Mg2+/DNA (from
CONTIN analysis of the autocorrelation function) at a scattering angle of 90�. Samples were prepared from solution and transferred to fresh silica slice or
mica by drop-casting.
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blies (Fig. 5b). The size of the aggregates of PyTOH/Mg2+/
DNA in aqueous solution was measured by dynamic light
scattering (DLS) (Fig. 5c). The CONTIN analysis of the
autocorrelation function shows a broad peak correspond-
ing to an average hydrodynamic radius (Rh) of approxi-
mately 210 nm at 298 K.

On the basis of the optical and CD properties described
above, it can be concluded that the self-assembly of
PyTOH/Mg2+/DNA formed left-handed helical stack
structures. The aggregation was initiated by the electro-
static interactions of PyTOH and DNA with Mg2+ as
co-complexation ion in aqueous solution. The mutation
rotation in the same direction avoided steric hindrance of
PyTOH and the aggregation could self-sort into helical
nanostructures.

In summary, we have synthesized an amphiphilic pyrene
derivative and demonstrated the self-assembly of PyTOH/
Mg2+/DNA in aqueous solution. Induced CD spectra were
observed in water indicating the formation of helical supra-
molecular structures. These observations should facilitate
the future design of related self-assembled materials with
the biological and electrooptical properties.
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