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Palladium and silver nanoparticles are formed on the surface of tubular J-aggregates of an amphiphilic tetrachlorobenzimidacarbocyanine dye by reduction of the respective metal cations in aqueous solution. Upon addition of the palladium complex Na2 PdCl4
to the aggregate solution, the absorption spectrum shows significant changes which is explained by partial destruction of the aggregates. Cryogenic transmission electron microscopy (cryo-TEM) images show that the tubular J-aggregates are randomly covered
by well-separated Pd nanoparticles of approximately 1–3 nm size. Larger particles and higher particle density along the aggregates
are obtained when an auxiliary reducing agent is added to the solution. The presence of the metallic particles leads to eﬃcient
fluorescence quenching giving clear evidence for super quenching. In similar experiments using AgNO3 , silver nanoparticles are
grown which are larger in size but less dense distributed along the aggregates. At least in the case of the silver particles, the spontaneous formation of metal nanoparticles is assumed to be initiated by a photo-induced electron transfer process (PET).
Copyright © 2006 Stefan Kirstein et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1.

INTRODUCTION

Since their discovery in the thirties of the last century [1, 2],
J-aggregates (or Scheibe-aggregates) of cyanine dyes are a fascinating topic of research because of their outstanding optical properties. The spectroscopic peculiarities are the result
of exceptionally strong electronic interactions between the
transition dipole moments of the dyes which give rise to extended exciton states after photo excitation [3, 4]. The excitonic absorption spectrum depends on the details of the
structural arrangement of the dye molecules within the aggregate [5, 6]. A red-shift of the excitonic absorption with
respect to the monomer absorption is considered as the characteristic feature of J-aggregates. In this case, fluorescence
emission is observed in resonance to the lowest energy exciton state. The extended exciton states give rise to many peculiar linear and nonlinear optical properties, such as resonant fluorescence [1, 2], super radiant emission [7–9], high
nonlinear susceptibilities [10], eﬃcient exciton-exciton annihilation [11], and energy migration [12–15]. The latter
was already observed by Scheibe et al. [16]. They concluded
from quenching experiments on J-aggregates of pseudoisocyanine (PIC) that one quencher molecule per 103 to 106
dye molecules was suﬃcient to reduce the fluorescence by
50% which they explained by migration of excitation energy.

Nowadays, this phenomenon is often called super quenching
and a significant subject of research not only in dye aggregated structures [17, 18], but also in other materials such as
conjugated polymers [19]. However, in most cases, the detailed molecular structure of the aggregated system is either
unknown or, as in case of conjugated polymers, amorphous.
For a quantitative analysis of the experiments, one has to
assume that the quenchers are distributed homogeneously
within the aggregates which may not be true for many systems, because the quenchers are immiscible with the ordered
phase of the dye aggregates. For more detailed studies of the
energy migration eﬀect, a system is desired, where the structure of the aggregates is well defined and where the quenchers
can be localized within the aggregates by microscopic techniques.
Recently, it was shown by Dähne et al. that amphiphilic
cyanine dyes are able to form very regular and well-defined
structures in aqueous solutions already at low concentrations
[20–24]. These dyes consist of a 5, 5 -6, 6 -tetrachlorobenzimidacarbocyanine chromophor [20] to which alkyl chains
at the 1, 1 position of the nitrogen atoms and diﬀerent acidoor sulfoalkyl substituents at the 3, 3 position (cf. Scheme 1)
have been attached. The length of the alkyl chains was selected in a range, which is short enough (less then dodecyl) to
maintain water solubility, but is suﬃcient (larger than hexyl)
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Scheme 1: 5, 5 -6, 6 -tetrachlorobenzimidacarbocyanine, C8S3:
R=C8 H17 , R =C3 H6 −SO3 Na.

[24] to stabilize the structures by the hydrophobic eﬀect.
Many of the dyes are forming tubular structures, which are
either dispersed as isolated entities in the aqueous solvent or
which are attached to one another to form helically twisted
bundles. For the investigations presented here out of various
amphiphilic dyes, the dye C8S3 (cf. Scheme 1) was selected
because it forms very regular tubular J-aggregates in a concentration range which is on the one hand suitable for spectroscopic investigations, but on the other hand low enough
to provide aggregates that are isolated from each other [25].
A very new approach to perform quenching experiments
using metal nanoparticles as quenching agents was tried and
is reported in this paper. Any attempts to directly adsorb preformed metal nanoparticles such as gold colloids at the aggregates failed. However, it was possible to produce the particles in situ by reduction of noble metal ions (Palladium or
Silver) from a respective salt. The reduction of the metal ions
may be performed by addition of a special electron donating substance, a so-called reductor. Such a procedure is well
known as electroless deposition and of wide technical importance for metal decoration of plastics [26]. In addition,
this process is used in basic science and technology [27]. Under certain circumstances the reduction process can also be
driven by photo-induced electron transfer processes (PET).
Here it will be demonstrated that the reduction of metal
cations can be used to decorate the tubular J-aggregates of
amphiphilic cyanine dyes with Pd and Ag nanoparticles and
that these particles serve as fluorescence quenchers. It was
found that the aggregates themselves may act as “reductors.”
2.

EXPERIMENTAL

The dye C8S3 was purchased from FEW Chemicals (Wolfen,
Germany) as a betain salt and was used as received. The aggregate solutions were prepared as follows: the dye was dissolved in MeOH at a concentration of several 10−3 M and
then diluted with pure water (purified by Millipore filter system) for aggregation. These mixtures were then vigorously
shaken to become homogeneous and stored without stirring
in the dark for 24 hours. The resulting solutions (approximately 4 × 10−4 M dye concentration) are slightly opalescent,
but no hint of residual undissolved or precipitated dye material was observed. The content of MeOH in such solutions is
commonly in the order of 15 wt %.

MeOH, Na2 PdCl4 , and AgNO3 were purchased from
Aldrich and used as received. The reducing agent was a commercial product (ATOTECH, reductor 406). The absorption
spectra were measured with a Lambda 9 spectrophotometer (Perkin Elmer), the fluorescence spectra with a luminescence spectrometer LS 50 B (Perkin Elmer). The samples for
cryo-TEM were prepared at room temperature by placing
a droplet (10 μL) of the solution on a hydrophilized perforated carbon filmed grid (60 s Plasma treatment at 8 W using a BALTEC MED 020 device). The excess fluid was blotted
oﬀ to create an ultra-thin layer (typical thickness of 100 nm)
of the solution spanning the holes of the carbon film. The
grids were immediately vitrified in liquid ethane at its freezing point (−184◦ C) using a standard plunging device. The
vitrified samples were transferred under liquid nitrogen into
a Philips CM12 transmission electron microscope using the
Gatan cryo-holder and stage (Model 626). Microscopy was
carried out at −175◦ C sample temperature using the microscopes low-dose protocol at a primary magnification of
58300x. The defocus was chosen in all cases to be 0.9 μm,
which corresponds to a first zero of the phase contrast transfer function at 1.8 nm.
3.

RESULTS AND DISCUSSION

In Figure 1, a cryo-TEM image of aggregates of the sulfonated 5, 5 -6, 6 -tetrachlorobenzimidacarbocyanine C8S3
is presented together with respective absorption and fluorescence spectra. The aggregates are prepared in a 10−5 M aqueous solution containing 15 wt % of MeOH. Under these conditions tubular aggregates are observed with a well-defined
diameter of 13 ± 0.5 nm and lengths up to several hundreds
of nanometers. The weak bending of tubules and the rarely
observed assembly into bundles (one is seen in the middle
of Figure 1(a)) indicate that they are rather stiﬀ. The tube
diameter appears to be highly constant not only along one
tube but also between diﬀerent tubes. Due to the amphiphilic
nature of the dye molecules, they are arranged within the
wall of tubes as a molecular bilayer. These tubular structures are stable over a few days after preparation, but may
undergo structural changes if stored for longer times [28].
The corresponding absorption and fluorescence spectra are
shown in Figures 1(b) and 1(c). The absorption is characterized by an excitonic spectrum, that is, split into five distinct peaks (bands I–V) and in total red-shifted compared to
the monomer absorption (indicated by the dashed line). The
various peaks in the absorption spectrum belong to diﬀerent
excitonic transitions which result from the special molecular
packing within the tubular structure. This type of spectrum
is typical for the tubular aggregates of diﬀerently substituted
5, 5 -6, 6 -tetrachlorobenzimidacarbocyanine dyes, although
the peaks may occur at diﬀerent positions. According to a
structure model published recently by Didraga et al. [25], the
wall of the tubular aggregates is formed by a double layer of
dye molecules and therefore the aggregates may be described
by two interleaving tubes of diﬀerent diameter. Each of the
dye layers contributes to the exciton spectrum with two optical transitions. The strongest bands I and II of the absorption
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Figure 2: Absorption spectra of a 5 × 10−6 M solution of C8S3
upon titration with Na2 PdCl4 under presence of the reducing agent
406 (ATTOTEC). End concentration of Na2 PdCl4 : 6 × 10−6 mol·l−1 ,
titration step: 1 × 10−6 mol·l−1 .
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Figure 1: Optical spectra and cryo-TEM images of aggregates of
C8S3 in water with 16 wt % of MeOH added. (a) Cryo-TEM images of a 5.3 × 10−4 mol·l−1 dye solution. The bar indicates 50 nm.
(b) Absorption spectra of a 3.8 × 10−4 mol·l−1 dye solution. The
dashed line represents the absorption of monomers. (c) Fluorescence emission (solid line) and excitation spectra (dashed line) of a
10−6 mol·l−1 dye solution.

spectrum belong to the inner and outer layers of the wall, respectively, and are polarized in parallel to the long axis of the
aggregate, while the weaker transitions on the blue side of the
spectrum are polarized perpendicular.
The fluorescence of the tubular aggregates is emitted primarily from the transition at the lowest energy, that is, the
band at approximately 600 nm. A small additional contribution is observed from higher states, which indicates that an
excitation into higher exciton states is not completely transferred into the lowest energy state. This incomplete energy
relaxation is explained by weak coupling between the states,
especially between the corresponding states of absorption
band I and II. The weak coupling is explained by the fact that
these two states belong to diﬀerent layers of the double-layer
wall of the tubes [25].
Tubular J-aggregates as presented in Figure 1 were used
to be decorated with metal nanoparticles. In a first approach, the palladium salt Na2 PdCl4 was added to a solution of C8S3 aggregates. In Figure 2, the absorption spectra
of a 5 × 10−6 M, C8S3 solution in a MeOH/water mixture
(15 wt % MeOH) are presented for an increasing amount
of Na2 PdCl4 . The spectra were recorded at titration steps of
1 × 10−6 mol/l, starting with 1 × 10−6 mol/l. The final concentration was 6 × 10−6 mol/l which is only a slight molar excess of (PdCl4 )2− ions with respect to dye molecules.
The addition of Na2 PdCl4 causes not only a decrease of total
absorbance, but also a qualitative change of the absorption
spectrum. The most striking change is the disappearance of
the absorption peaks II and IV at 590 nm and 560 nm, respectively, while the band I at 600 nm is only slightly shifted
and almost constant in intensity. At high concentrations of
Na2 PdCl4 , the spectrum exhibits only two distinct bands. Absorption spectra of similar shape were found previously for
tubular aggregates of another amphiphilic dye (a carboxyl
substituted dye, named C8O3) when additives like alcohols
or surfactants were added [28, 29]. As in the previous case,
the spectral changes must be interpreted as the result of some
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Figure 3: (a) Cryo-TEM image of C8S3 aggregates after addition
of Na2 PdCl4 without any redactor ([C8S3] = 5 × 10−4 mol·l−1 ;
[Na2 PdCl4 ] = 1.3 × 10−6 mol·l−1 ). (b) Same conditions as in (a),
but after addition of reductor.

modifications of the arrangement of the molecules within the
tubular wall, but with a maintenance of the tubular shape of
the aggregate. According to the model of Didraga [25], one
might conclude that the vanishing of band II is due to the
destruction of the outer monolayer of the tubules wall due to
the reduction of (PdCl4 )2− .
Inspection of the samples by cryo-TEM reveals that the
aggregates are randomly covered by small palladium particles with an average diameter of 1.7 ± 0.5 nm. In Figure 3(a),
a representative cryo-TEM micrograph is shown for a molar ratio of Na2 PdCl4 /C8S3 of 1 : 3. In this concentration
regime, the absorption spectrum of the aggregate solution
is almost unchanged (cf. Figure 2). The particles, identified
by the black dots, are not very homogeneously distributed
among the aggregates. There are even parts of the aggregates
that are not at all covered with particles, for example, the
horizontally oriented aggregate in the middle of Figure 3(a).
Additionally, some of the aggregates are destroyed and the
diameter along the aggregates becomes nonuniform. Due to
destruction of the aggregates, pieces of the tubes can be identified within the image, as indicated by the arrow. It is also
apparent from the image that the aggregates when decorated
with Pd particles are softening. If an additional reducing
agent is added to the solutions, larger Pd particles are found
and the coverage of the aggregates with particles is increased

significantly, as can be seen in the image of Figure 3(b). The
size distribution of the particles is rather monodispers with
a mean value of 2.7 ± 0.2 nm. Besides the increased coverage
of the aggregates, also free particles in the solution are found
as indicated by the arrows in Figure 3(b). But again, many
of the aggregates are destroyed and the typical double-wall
structure of the tubes is no longer visible.
There are four remarkable observations that can be
drawn from these images. (1) The Pd particles are growing
almost only on the surface of the aggregates. (2) The decoration of the aggregates with Pd softens and destroys the aggregate structure. This is in accordance with the spectroscopic
changes described above. (3) Pd particles can be grown even
without any secondary reductor. In this case, the aggregates
are acting as reductor and are supposed to be oxidized. (4)
The total number and the mean size of Pd particles is increased upon addition of a secondary reductor. Obviously,
the reductor facilitates nucleation and growth of the particles.
Item (2) is of great importance because it gives evidence that the two electrons needed to reduce Pd(II) in the
(PdCl4 )2− complex to the zero valent state Pd0 are transferred from the dye aggregates to the Pd ions. Such an electron transfer is plausible since cyanine dye aggregates are
widespread in use as photosensitizer in silver halide photography, where after photoexcitation an electron is transferred
into the silver halide crystal [30, 31]. Since all experiments
were performed under room light conditions and comparable experiments in the dark are missing, so far we can only
speculate that the reduction of Pd(II) is at least assisted by a
photoexcited electron transfer (PET).
The addition of Na2 PdCl4 to solutions of C8S3 aggregates causes significant fluorescence quenching. In Figure 4,
the corresponding fluorescence spectra for the set of absorption spectra of Figure 2 are shown. The fluorescence intensity
was corrected for reabsorption. The main reduction of fluorescence intensity (more than 85% of initial intensity) occurs at the first titration step, when 1 × 10−6 mol/l Na2 PdCl4
is added to the 5 × 10−6 M dye solution. In this concentration regime of Na2 PdCl4 , no changes of the absorption spectrum is observed, as can be seen in Figure 2. For increasing
quencher concentration, the shape of the fluorescence spectrum changes only slightly to that eﬀect that the shoulder at
590 nm vanishes and the main peak shifts by approximately
2 nm towards the red. The disappearance of the shoulder is
in accordance with the decrease of peak II in the absorption
spectrum and the small shift of the main fluorescence peak
is in parallel to the same shift of peak I. The small shoulder
at 590 nm in the fluorescence spectra compared to the large
peak II in the absorption spectrum indicates that most of the
excitation energy is transferred into the lowest energy state
of the aggregate, represented by the absorption/fluorescence
band at 600 nm. Since the emission properties of this peak
do not change significantly and since the intensity of the
shoulder at 590 nm is negligible, the emission behaves as it
comes from a species which does not change its properties
with quencher concentration. Therefore, we assume that the
quenching of the fluorescence can be interpreted (at least in
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Figure 5: Cryo-TEM image of C8S3 aggregates after addition of
AgNO3 and reducing agent. [C8S3] = 5 × 10−4 mol·l−1 in water
and 15 wt % MeOH; [AgNO3 ] = 2.1 × 10−5 mol·l−1 .
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Figure 4: Fluorescence emission spectra of C8S3 aggregates for increasing concentrations of Na2 PdCl4 ; corresponding to the absorption spectra of Figure 2. Excitation wavelength was 550 nm. Insert:
Stern-Vollmer plot of relative fluorescence intensity Φ/Φ0 versus
quencher concentration [Q], which is assumed to be the concentration of Na2 PdCl4 .

a first approximation) by a Stern-Volmer analysis as it is used
in cases of bimolecular static or dynamic quenching [32].
In the insert of Figure 4, a Stern-Volmer plot of the relative fluorescence quantum eﬃciency is presented. As a raw
estimate one can linearize the Stern-Volmer data and from
the relationship
Φ0
= 1 + KSV · [quencher],
Φ

(1)

a Stern-Volmer quenching constant KSV of 6 × 106 M−1 is
obtained. This value is approximately 5 orders of magnitude higher than values reported in the case of conventional
bimolecular static quenching and gives clear evidence for super quenching. Similar values are obtained by other authors
for dye aggregates [18] or conjugated polymers [19], and
values up to 1011 M−1 were found for conjugated polymers
where gold nanoparticles were used as quenchers [33].
So far it is an open question, if the fluorescence quenching is caused by the reduction reaction itself, that is, by
an electron transfer to the Pd(II) ions, or if the metallic
nanoparticles are acting as quenchers. In the latter case, the
concentration of quenchers would be lower by roughly a factor of thousand which is approximately the mean number of
Pd atoms per particle. The quenching constant has to be increased by the same number which results in very eﬃcient
superquenching. However, the simple Stern-Volmer analysis
is questionable because of the inhomogeneous distribution
of the Pd particles along the aggregates and the destruction
of the aggregates by the Pd particles.
With this respect recent findings using AgNO3 instead
of Na2 PdCl4 are very prospective. Silver particles could be
grown by the same mechanism, that is, reduction of Ag(I)
ions into elementary silver. As in the case of palladium the
addition of auxiliary reductor was assisting the formation of
particles. In Figure 5, a representative cryo-TEM image of a

solution of C8S3 aggregates after addition of AgNO3 and reductor is shown. Here, the tubular structure of the aggregates
is well maintained and along the surface a few isolated silver nanoparticles are attached. In this case, the molar ratio
Ag : dye was only 1 : 23, which favors the growth of isolated
and well-separated particles. The size of the particles is very
polydispers with a mean diameter in the range of 5–20 nm
and the mean distance between particles is estimated to be
in the region of 50 to 100 nm. Fluorescence quenching was
observed upon growth of the Ag nanoparticles and the absorption spectra are changing only slightly. Preliminary experiments show that the particles are formed only under illumination of the solutions under daylight. When they are
kept completely in the dark, no formation of silver particles
was observed by absorption spectroscopy which is taken as
evidence that the reduction of silver is induced by light.
Further indication for a PET reaction may be drawn from
the reduction and oxidation potentials of the cyanine dye.
These potentials were measured for the monomer in acetonitrile against saturated calomel electrode (SCE) and reported to be Eox = 0.6 V and Ered = −1.61 V [34]. At least
for the case of the silver ions, this oxidation potential of
the dye would prohibit a spontaneous reduction of Ag+ ions
(Ered = 0.56 V against SCE). However, for a detailed discussion, the exact potentials of the aggregates in aqueous solutions have to be known, the determination of which is a topic
of our current research and beyond this publication.
4.

SUMMARY AND CONCLUSIONS

The addition of metal salts such as Na2 PdCl4 or AgNO3
to aqueous solutions of tubular J-aggregates of a tetrachlorobenzimidacarbocyanine dye leads to the formation of
metal particles on the surface of the aggregates. The particles
grown on the aggregate surface are of nanometer size and
show a rather narrow size distribution. While palladium particles were growing in high density, silver particles were obtained in much less quantity but with larger size and broader
size distribution, respectively. The particles are synthesized
via a reduction reaction of the metal cations. Since the reduction occurs in presence of the dye aggregates, it is assumed that oxidation of the dyes is the elementary step of
the particle synthesis. From preliminary experiments using
samples that are prepared completely in the dark and those
prepared at room light conditions, it is concluded that the
reduction is due to a photo-induced electron transfer (PET).
To our knowledge, this would be the first direct proof of a
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photo-induced electron transfer from a dispersion of mesoscopic J-aggregates in aqueous solution.
The particle growth leads to eﬃcient quenching of the
aggregate fluorescence. A simple Stern-Volmer analysis indicates super quenching. However, since it is not clear, if the
quenching occurs from the electron transfer to the metal ions
or by the metal particles, the Stern-Volmer picture is too simplistic. If the quenching results from particle only, then this
analysis underestimates the quenching eﬃciency by orders of
magnitude. In this case, the typical distance of energy migration could be obtained from the fluorescence quenching data
in combination with a direct measurement of typical interparticle distances. However, controllable and homogeneous
coverage of aggregates by metal particles would be a prerequisite which has not been achieved so far and is a topic of
current studies.
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