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1. Introduction

More than 70 years ago, Scheibe et al.[1] and Jelley[2]

observed independently an unusual behavior of pseudoiso-
cyanine chloride (also known as 1,1’-diethyl-2,2’-cyanine
chloride, PIC chloride, 1; Figure 1) in aqueous solutions.[3]

Compared to the spectra of this dye in other solvents, such as

ethanol, the absorption maximum was shifted to lower
energies—at around ~nn ¼17500 cm�1 (lmax = 571 nm)—upon
increasing the concentration above 10�3

m in water, and at
higher concentration (ca. 10�2

m) this band became more
intense and sharp; hence large deviations from the Lambert–
Beer law were observed (Figure 1).[4] The addition of sodium
chloride into an aqueous solution of 1 resulted in similar
spectral changes as observed upon increasing the dye
concentration. The characteristic features of this new absorp-
tion band is its sharpness with a small value for the full width
at half maximum (fwhm) of about 200 cm�1 and a very high

absorption coefficient e. Concomitantly, a strong fluorescence
with very small Stokes shift (maximum at 575 nm) was
observed. In 1937, Scheibe et al. had already correctly
interpreted the behavior of PIC under these conditions as
an indirect result of desolvation upon (supramolecular)
polymerization of the dye, and that the absorption spectrum
was changed by the “vicinity effect” of the adjacent molecu-
les.[1a–c] In contrast, Jelley observed a rapid precipitation of
PIC from the ethanol solution upon addition of nonpolar
solvents or a 5m aqueous solution of sodium chloride, and a
loss of the high fluorescence as the dye passes into the
crystalline state. This might be the reason why Jelley ascribed
the spectral changes misleadingly to the dye molecules, rather
than to their aggregates.[2] Both Scheibe et al. and Jelley found
that the spectral changes are reversible upon heating and
cooling of the dye solutions, which indicates the self-assembly
of PIC dyes.

Nowadays, dye aggregates with a narrow absorption band
that is shifted to a longer wavelength (bathochromically
shifted) with respect to the monomer absorption band and a
nearly resonant fluorescence (very small Stokes shift) with
narrow band are generally termed Scheibe aggregates or J-
aggregates (J denotes Jelley) in accord with the name of their
inventor.[5–7] Aggregates with absorption bands shifted to
shorter wavelength (hypsochromically shifted) with respect to
the monomer band, in contrast, are called H-aggregates (H
denotes hypsochromic) and exhibit in most cases low or no
fluorescence.[5a] These basic and easily recognizable spectral
changes—for many J-aggregates, bathochromic shifts of
about 100 nm are observed—already indicate that the molec-
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J-aggregates are of significant interest for organic materials conceived
by supramolecular approaches. Their discovery in the 1930s represents
one of the most important milestones in dye chemistry as well as the
germination of supramolecular chemistry. The intriguing optical
properties of J-aggregates (in particular, very narrow red-shifted
absorption bands with respect to those of the monomer and their
ability to delocalize and migrate excitons) as well as their prospect for
applications have motivated scientists to become involved in this field,
and numerous contributions have been published. This Review
provides an overview on the J-aggregates of a broad variety of dyes
(including cyanines, porphyrins, phthalocyanines, and perylene bisi-
mides) created by using supramolecular construction principles, and
discusses their optical and photophysical properties as well as their
potential applications. Thus, this Review is intended to be of interest to
the supramolecular, photochemistry, and materials science commun-
ities.
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Figure 1. Absorption spectra of PIC chloride aggregates in water (c)
and its monomers in ethanol (a), as well as the structure of PIC
chloride (1). Modified from Ref. [4a].
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ular properties of the building blocks are significantly altered
upon aggregation. More sophisticated studies on the elec-
tronic properties of J-aggregates reveal that excited states are
formed by extended domains of coherently coupled molec-
ular transition dipoles, which advocates for J-aggregation as
the archetype phenomenon for an emerging systems property
on the supramolecular or nanoscale level.

The great significance of J-aggregates was recognized
once such aggregates found application in spectral sensitiza-
tion of the photographic process with silver halides.[5j,k] Since
then, scientific interest in J-aggregates has grown continu-
ously, and an enormous number of cyanine dye aggregates
have been prepared and their optical, photophysical, and
structural properties studied intensively.[5–7] During the last
two to three decades, J-aggregates of other dyes, such as
merocyanines, squaraines, synthetic and semisynthetic model
compounds of natural light-harvesting pigments (chloro-
phylls), and functional dyes such as perylene bisimides, have
been developed. The objective of this Review is to provide an
overview on J-aggregates from a supramolecular perspective,
beginning with their serendipitous discovery up to the current
state, with an emphasis on the rational design of J-type
functional aggregates. The Review is focused on the J-
aggregation phenomena of the above-mentioned major
classes of dye molecules in solution, and only a few examples
of dye arrangements in the crystalline state are included to
illustrate important packing motifs that could be elucidated
with crystallographic precision. Owing to space limitations,
neither all dye molecules that have been reported to form J-
aggregates nor numerous J-type excitonic coupling phenom-
ena that have been observed upon dye aggregation at surfaces
and interfaces are included, for example, the seminal work of
Kuhn and M�bius on Langmuir–Blodgett (LB) films,[5b,l] and
J-aggregation phenomena in lyotropic or thermotropic mes-
ophases or in amorphous p-conjugated materials such as
conducting polymers. This holds true also for the most
important application of J-aggregates as spectral sensitizers
of silver halide crystals in photographic films.[5j,k]

2. Cyanine Dyes

Cyanine dyes were known long before the discovery of J-
aggregates by Scheibe and Jelley. Williams was most probably

the first chemist to come across a cyanine dye when in 1856 he
reacted crude quinoline with alkyl (ethyl, amyl) iodides
followed by treatment with silver oxide, as he observed a
compound with “a blue of great beauty and intensity”.[8] In
1860, Williams named the dye with a brilliant blue shade that
he obtained by the reaction of quinoline with amyl iodide and
subsequent base treatment as cyanine (cyanos = blue).[8b, 9]

Through detailed investigations of the cyanine dye, Hofmann
recognized in 1862 that this dye was composed of quinoline
and lepidine (4-methylquinoline) derivatives, which was not a
surprise because the crude quinoline used by Williams
contained lepidine as an impurity in great quantity.[8, 10]

In the following years, similar chromophores with pro-
nounced blue color were produced and cognate names such as
cryptocyanine, isocyanine, pseudoisocyanine, and pinacyanol
were introduced.[11] However, it was only decades later that
the constitutions (structures) of these dyes, including that of
Williams� cyanine, could be reliably clarified.[12] It was then
realized that all of these dyes have one feature in common,
namely, they consist of two heterocyclic units, which are
connected by an odd number of methine groups (CH)n (with
n = 1, 3, 5, …). K�nig introduced the term polymethine dyes
in the 1920s, and he recognized for the first time that the color
of these dyes is mainly determined by the length of the
polymethine chain.[12c,13] The general structures of polyme-
thine dyes are shown in Scheme 1.[11a,b] The predominantly
aromatic heterocyclic donor (D) and acceptor (A) groups are
connected by polymethine chains of various lengths. The ideal
polymethine state is characterized by the alternation of the p-
electron density on the polymethine chain (indicated by
partial charges in structure 2, Scheme 1) and equal p-bond
orders (in contrast to the polyene state, which is characterized
by the equalization of the p-electron density on the carbon
atoms of the methine groups along the chain and a bond order
alternation of single and double bonds).[14] The high oscillator
strength of the dye in the polymethine state leads to the
pronounced color. Cyanines can be cationic (cationic poly-
methines 3–5), anionic (anionic polymethines, not shown), or
neutral (neutro-polymethines 6, also called merocyanines).
The alternating p-electron density distribution is independent
of whether the molecule is carrying a charge, or not.[15] A
selection of various polymethine dyes with their trivial names
(notice, the substituents at the nitrogen atoms are variable)
are shown in Scheme 2.[11a,b] Although the term polymethine
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dye is systematically more correct, the term cyanine dye is still
widely used,[16] and will also be used preferentially in this
Review.

2.1. Aggregate Structures of Cyanine Dyes: PIC as a Prime
Example

The elucidation of the structure and morphology of J-
aggregates of cyanine dyes has been an active research field
over the past few decades. One of the most thoroughly studied
cyanine dyes in this context is pseudoisocyanine (PIC; see
Figure 1). Thus, we have selected this cyanine dye as a prime
example to illustrate how the search for the structure and
morphology of J-aggregates developed. Aggregate structures
of PIC dyes were initially studied by absorption and
fluorescence spectroscopy. In 1938, Scheibe and Kandler
had already performed flow anisotropy measurements on
solutions of PIC chloride, and concluded the existence of long
aggregates. They suggested the aggregates to have coin-pile
(Geldrollen) like structures, in which the long axis of the

monomers is oriented perpendicular to the aggregation
direction.[17] For the aggregation process, Scheibe suggested
a reversible formation of dimers and their subsequent trans-
formation into higher aggregates that are in equilibrium with
the dimers.[4] Scheibe et al. also analyzed the length of the
aggregates by fluorescence quenching experiments by using
1,2-dihydroxybenzene (pyrocatechol) as the quencher and
found that, depending on the concentration of the dye
molecules, one quencher molecule is needed to quench the
fluorescence of 103–106 PIC dye molecules.[18] This finding was
explained in terms of the extended chains of PIC molecules
formed upon reversible aggregation containing up to one
million of dye molecules. In these chains, the excitation
energy is absorbed at any position and transferred to any
other position in the chain until a quencher molecule is met.
Therefore, Scheibe et al. proposed that an energy transfer
across the aggregate over thousands of dye molecules should
be possible.[18] It was also concluded that the aggregate length
increases as the dye concentration increases, since fewer
quenching molecules are required to decrease the fluores-
cence of more concentrated solutions. The efficient fluores-
cence quenching of J-aggregates of the PIC dye found by
Scheibe et al. was later observed not only for other dye
aggregates, but also for conjugated polymers, and was termed
“superquenching”.[19a–d, 20]

Scheme 1. General structures of polymethine dyes with their trivial
names. The partial positive and negative charges on the atoms of the
polymethine chain in the ground state are indicated by d+ and d� (see
2a,b), respectively, according to Ref. [11b]. A general structure of
merocyanines 6, which are neutral cyanines, is also shown.

Scheme 2. Basic structures of various polymethine dyes 7–15 and their
trivial names. The methyl substituent on the nitrogen atoms is shown
as a representative group, but can be replaced by other alkyl groups.
An example of a merocyanine dye 15 (a neutrocyanine) is shown for
structural comparison with cationic polymethines 7–14.
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Scheibe and Kandler showed by flow linear dichroism
experiments that the sharp absorption band at 572 nm of J-
aggregates of PIC is polarized parallel to the aggregate
axis.[17a] From this result, F�rster concluded in 1946 that the
monomers in the aggregate are not perpendicularly oriented
with their long axis with respect to the aggregate direction,
but are aligned parallel (inclined) to the aggregate direc-
tion.[21] Moreover, F�rster suggested that the monomers are
helically disposed with respect to the aggregate axis, which in
turn should lead to optically active assemblies (Figure 2).

In 1964, Mason observed circular dichroism (CD) effects
upon addition of a concentrated solution of PIC chloride in
ethanol to an aqueous (+)-tartrate solution (Figure 3).[22]

According to Scheibe et al., these CD effects originate from
the close contact of the cationic aggregate with the optically
active tartrate anion, whereby a small local distortion within
the dye assembly takes place.[23]

X-ray analyses of crystals of different cyanine dyes
revealed that the dye molecules are not planar, as initially
assumed by Scheibe et al. Instead, the two quinolinium rings
of the cyanine dyes are twisted at an angle of 508 with respect
to each other.[7b, 24] This observation led to a new explanation
for the optical activity of the J-aggregates of cyanine dyes,
namely, that the CD effect originates from the twist within the
monomers.[7b,c] According to Scheibe et al. , the tight binding
of tartrate counterions to the polycationic PIC aggregate
affords diastereomeric complexes that are biased towards one

atropisomer. The proposed aggregate model is illustrated in
Figure 4.[7b] In this context it is noteworthy that the nature of
the counterions also affects the structure and the stability of
the aggregates,[7b,25] with the stability decreasing in the order:
SO4

�>Cl��F�@ Br� . As this order resembles the so-called
Hoffmeister series quite well, it is tempting to relate the
counterion-dependent stability of PIC J-aggregates to the
Hofmeister effect.[26]

Notably, the model shown in Figure 4 is not consistent
with excitonic coupling theory of Kasha and co-workers,[27,28]

which describes the excitonic interaction of the transition
dipole moments of chromophores with respect to their
geometrical arrangement as a point dipole approximation
(Figure 5). According to this theory, a much more pro-
nounced displacement of the dyes is needed to afford
bathochromically shifted J-type absorption bands. However,

Figure 2. Schematic representation of the PIC aggregate model accord-
ing to F�rster.[21] The tilt of the molecular planes to the aggregate
direction and the helical arrangement is shown. The gray double
arrows symbolize the transition dipole moments. Modified from
Ref. [21].

Figure 3. Absorption spectra of PIC chloride in ethanol (monomer:
g) and in aqueous solution (aggregate: c), as well as the circular
dichroism (CD) spectrum (dashed line) of the aggregate in aqueous
dipotassium (+)-tartrate solution. Reproduced from Ref. [22] with
permission. Copyright (1964) The Royal Society of Chemistry.

Figure 4. Aggregate model of PIC proposed by Scheibe et al. in
1970,[7b] assuming similar conformations of the monomers in crystals
and in aggregate solutions. Reproduced from Ref. [7b] with permis-
sion. Copyright (1970) Elsevier Science Ltd.

Figure 5. A schematic energy diagram for aggregated dimers with
coplanar inclined transition dipoles. The geometry and the slip angle q

are illustrated above. Note that for parallel aligned dimers the optical
excitation is only allowed from the ground state to one of the two
excitonic states depending on the angle q. For q<54.78 the lower
energy state is allowed (leading to a bathochromically shifted J-band),
while for q>54.78 the allowed state is at higher energy (leading to a
hypsochromically shifted H-band). DEvdW = difference in van der Waals
interaction energies between ground and excited states.[27]
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it should be noted that, although the model of Kasha and co-
workers is very instructive for explaining the spectral shifts of
dye aggregates, this model has some clear limitations, as
discussed in several publications.[7a, 29] In particular, this model
seems to overestimate the magnitude of energy shifts.[29]

In 1970, Cooper observed a splitting of the J-band by
temperature-dependent absorption studies of solutions of
PIC bromide at temperatures below 253 K (Figure 6).[30] The

presence of two extremely sharp bands of almost equal
intensity resembles the line-shaped spectra of molecules in
the gas phase rather than typical band-shaped solution
spectra. The splitting is barely 151 cm�1 and the fwhm
values for the bands are about 50 cm�1 at 77 K and 30 cm�1

at 4 K. Excitation of the J-band at different wavelengths
resulted in different ratios of the fluorescence intensities of
the two split J-bands (Figure 6 b). Accordingly, it was
suggested that the fluorescence originates from two distinct
electronic transitions that are associated with two geometric
conformations of the J-aggregate.

However, as pointed out by Bird and co-workers, an exact
agreement between experimental data and calculated spectral
shifts is not possible with Kasha�s exciton theory. While Bird
and co-workers suggested a refinement by means of a higher
order, instead of the first order, perturbation theory,[31] Kuhn

and co-workers were in favor of a first order perturbation
treatment, and related the deficiencies of Kasha�s exciton
theory to the point dipole approximation.[7a, 32] By using an
extended dipole model, these authors could indeed demon-
strate that the calculated values are in proper agreement with
those obtained by experiments. By including steric consid-
erations, Kuhn and co-workers proposed a brickwork
arrangement (Figure 7a) for the PIC J-aggregates in which
both a tight packing with J-type coupling as well as a parallel
alignment of the monomer long axes along the aggregate
direction is realized. The latter feature contradicts the
previously postulated ladder or staircase arrangements (Fig-
ure 7b,c), but is in aggreement with the experimental
results.[17a, 21]

The brickwork model suggested by Kuhn and co-workers
prompted Scheibe et al. to reconsider their original model,
depicted in Figure 4.[7b] Daltrozzo, Scheibe et al. then pro-
posed the threaded double-string models for PIC aggregates,
as shown in Figure 8, which illustrates two possible optically
active (a2, b2) and two optically inactive (a1, b1) aggregate
structures.[7c] It is noteworthy that a double-string subunit of
the brickwork model (Figure 7 a, dark gray) properly com-
plies with the rectified model of Daltrozzo et al. , which
additionally takes into account the steric peculiarities of
twisted PIC chromophores (Figure 8).

Besides a refined structural model, a two-step mechanism
for the aggregation of PIC was suggested by Daltrozzo and
Scheibe on the basis of concentration- and temperature-
dependent absorption studies. The first step is the nucleation
process, in which a nucleus is formed that is energetically
disfavored, relative to both the monomer and higher aggre-
gates, up to a minimum size of seven assembled monomers. In
the second step (the growth process), the aggregate size rises

Figure 6. a) Absorption and b) fluorescence spectra of PIC bromide
solutions (c = 4 � 10�3

m in a 1:1 ethylene glycol/water mixture) at
298 K and 77 K (as indicated); M = monomer. In (b), the emission
spectra are depicted for excitations at 498 nm (c) and 565 nm
(a). (a) and (b) are modified from Refs. [5a] and [30], respectively.

Figure 7. Schematic representation of the possible arrangements of
dye molecules in J-type aggregates. a) Brickwork arrangement,
b) ladder arrangement, and c) staircase arrangement. The most likely
arrangement of the monomers in PIC J-aggregates according to
B�cher and Kuhn is shown in (a).[32] Each rectangle represents the
contours of a pseudoisocyanine (PIC) cation. A double-string chain
unit of the brickwork arrangement is indicated by dark gray rectangles.
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quickly with increasing concentration, whereas the number of
independent aggregates remains constant.[7c] CD measure-
ments on PIC solutions containing different amounts of (+)-
tartrate revealed optical activity, as shown for the first time by
Mason in 1964,[22] thereby illustrating a probable helical
arrangement of the aggregates that is induced by optically
active tartrate anions, and results from the twist of about 508
between the two quinolinium rings in the monomer.

More than a decade later, Nolte proposed some different
models for the aggregate of PIC.[33] At that time, when the
structural arrangement in these dye aggregates was a subject
of high controversy, Marchetti et al. compared the optical
spectra of aggregate solutions of PIC dyes with those of their
crystals. Since the spectra were very similar, they concluded
that the dye aggregates are probably microcrystals, whose
aggregate bands originate from crystal transitions (so-called
Davydov splitting).[34,35]

In 1993, Kobayashi and co-workers investigated highly
oriented J-aggregates of PIC dispersed in polymer films.[36]

The linear dichroism spectra of oriented J-aggregates con-
firmed that the J-band is polarized mainly parallel to the
direction of alignment. On the basis of the linear and
nonlinear optical properties of oriented J-aggregates,
Kobayashi and Misawa proposed a model for a hierarchically
structured material consisting of mesoaggregates and macro-
aggregates.[37] The former is characterized by coherent
excitation over the aggregate and the latter is an inhomoge-
neous ensemble of mesoaggregates (for details see Ref. [37]).

In 1996, several studies were published concerning the
characterization of concentrated PIC solutions with high
viscosity. By using polarizing microscopy at moderately low
temperatures (0–20 8C) and at dye concentrations higher than
0.2 wt % (ca. 6 � 10�3

m), Stegemeyer and St�ckel observed an
optical texture that is characteristic for a nematic liquid-
crystalline phase.[38] These observations support the proposal
of Daltrozzo et al. of a double-stranded model for PIC
aggregates.[7c] Rheology experiments performed by Rehage

et al. with PIC chloride in aqueous solutions at 25 8C revealed
an enormous increase in the viscosity at concentrations higher
than 1 � 10�2

m, and a permanent birefringence was observed
above a concentration of 2 � 10�2

m.[39] Polarization microsco-
py studies at room temperature showed that the texture of the
liquid-crystalline phase of PIC possesses similarities to that of
the nematic rod phase reported by Stegemeyer and St�ckel.[38]

However, the observed maltese crosses are usually absent in
nematic rod phases. Therefore, Rehage et al. concluded that
the observed texture is characteristic of a smectic C phase,
which consists of crystalline smectic layers with monomers in
tilted positions, as found in thermotrophic systems. Thus, the
viscoelastic dye solutions tend to form rod-shaped or tubular
aggregates within supramolecular network structures, which
exhibit appreciable elasticity properties.

In 2000, von Berlepsch et al. visualized for the first time
the rodlike morphology of a closely packed network of PIC
chloride J-aggregates directly by using cryo-transmission
electron microscopy (cryo-TEM).[7f] For a 12.5 � 10�3

m aque-
ous solution of this dye, an average aggregate length of at
least 350 nm could be found, which corresponds to about 3000
dye molecules in an aggregate, and a rod diameter of about
2.3 nm was estimated The distance between adjacent rods
decreases as the concentration increases, leading to a dense
packing. Based on the observation of highly ordered line
patterns in the cryo-TEM images, von Berlepsch et al.
presumed that these patterns were a signature of nano-
meter-sized PIC crystals. Comparison of the electron diffrac-
tion pattern of the rods with single-crystal X-ray diffraction
data confirmed the supposition that there is a two-phase state
of coexisting J-aggregates and nanocrystals. However, no
experimental data to gain insight into the molecular structure
of the J-aggregates interior could be obtained by these
methods. Since the J-aggregates composing the network are
very closely packed at higher concentration (12.5 � 10�3

m),
isolated J-aggregates could not be studied at such a high
concentration. Thus, von Berlepsch et al. performed further
cryo-TEM investigations on solutions of PIC chloride with
dye concentrations in the range of 2.5 � 10�4 to 6.1 � 10�4

m in
200 mm NaCl, which confirmed the formation of network
superstructures consisting of isolated fibers and complex fiber
bundles.[7g] More of the isolated threadlike J-aggregates could
be made visible by diluting the solution; these aggregates are
characterized by a diameter of 2.3 nm, a length of several
hundreds of nanometers, and a high stiffness. No concen-
tration-dependent growth of the J-aggregates, that is, elonga-
tion of aggregate length, could be observed at the higher
concentration. Hence, the sudden occurrence of the J-band
within the narrow concentration regime from 2.5 � 10�4 to 6 �
10�4

m was assumed to be mainly the result of an increase in
the concentration of the aggregates, and not because of their
growth.[7g] Studies by Huber and co-workers on the aggrega-
tion of PIC chloride in aqueous NaCl solution by time-
resolved static light scattering are consistent with the results
of von Berlepsch et al. obtained by cryo-TEM investiga-
tions.[40]

The dichroic absorption spectra of the aggregate solution
revealed that there was a strong similarity between the
spectra in the region of the J-band and those of a PIC single

Figure 8. Schematic representation of structural models for J-aggre-
gates of PIC proposed by Daltrozzo, Scheibe et al. with nitrogen atoms
of the quinolinium rings on opposite (a) and on the same site (b).[7c]

The black dots symbolize the nitrogen atoms. Structures a1 and b1
constitute optically inactive, while a2 and b2 optically active aggre-
gates. Modified from Ref. [7c].
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crystal, as calculated from measured polarized reflection
spectra.[41] Thus, a similar arrangement of adjacent chromo-
phores in the J-aggregates in solution and in single crystals
was assumed, and a structure model for PIC aggregates was
suggested,[7f] which is close to the model proposed by
Daltrozzo, Scheibe et al.[7c] In the model of von Berlepsch
et al. , a quasi-one-dimensional threadlike aggregate com-
posed of two monomers per unit length was proposed, in
which the quinoline rings of adjacent chromophores adopt a
sandwich-like arrangement, but with a large displacement of
the monomers (Figure 9 a,b).[7f, 41] To account for the cross-
sectional diameter of 2.3 nm, it was suggested that the rods
are composed of six individual threadlike strands (Fig-
ure 9c,d).

Regarding the publications in the current decade, there is
still an ongoing discussion on the “true” structure of PIC
aggregates. In 2001 and 2002, Tani and co-workers performed
polarized reflection microspectroscopy with simultaneous
atomic force microscopy (AFM) analysis to explore the
absolute orientations of exciton transition dipole moments of
PIC J-aggregates locally.[42] These studies indicated a wide
range of directions, from parallel to perpendicular, with
respect to the long axis of the fibers, thus implying that a new
structural model has to be conceived to explain the observed
phenomena.

In the search for the structure of the PIC aggregates, the
coherent length of excitonically coupled monomers within the
aggregate has also been explored and sometimes confused
with the length of the aggregate, that is, the number of
monomers comprising the aggregate. It should be mentioned
in this regard that all spectroscopic investigations just

determine the virtual size of the exciton delocalization,
which only provides a lower limit for the physical size of the
aggregates. The simplest spectroscopic approach applies mass
action considerations, where lg(cmon) is plotted versus lg(n cagg)
to show a linear relationship with a slope of n ; cmon and cagg are
the concentrations of the monomer and aggregate, respec-
tively. With this approach, the value of n was estimated to be
very small for PIC aggregates, and initially thought to be the
number of molecules constituting the aggregate.[5a] However,
viscosity[4] and fluorescence quenching[18] studies performed
with aggregates of PIC by Scheibe et al. in the 1930s had
already revealed the existence of much longer aggregates.
Similarly, Hillson and McKay proposed on the basis of
diffusion constant measurements by polarographic tech-
niques that PIC aggregates consist of hundreds of repeating
units.[43] Moreover, J-aggregates of PIC and related dyes can
be concentrated by centrifugation, that means, they behave
like high-molecular-weight species of colloidal dimensions.
Therefore, it was suggested that the aggregation number n
does not correlate with the physical size of the aggregate, but
only to the number of molecules in the aggregate that
undergo mutual spectral perturbation. Thus, only a few
molecules were considered to constitute the repeating
spectroscopic unit cell of the J-aggregate, which relate to
the double-string chains of brickwork-type structure of J-
aggregates proposed by Kuhn and co-workers (Fig-
ure 7a).[32,44]

On the basis of spectral analysis (especially the line width
of the J-band) and theoretical models, Knapp suggested an
exciton coherence length of at least 60 monomer units in PIC
J-aggregates.[45] Sundstr�m et al. performed exciton annihila-
tion experiments and showed that excitons can migrate over
up to 104 molecules in the PIC aggregates.[7e] By using a
variety of nonlinear optical measurement techniques, com-
bined with numerical calculations and treating the PIC J-
aggregate in terms of a one-dimensional model of a Frenkel
exciton, while considering also static disorder of the molec-
ular arrangement, Wiersma and co-workers proposed a
delocalization of the excitonic states in the PIC aggregates
over approximately 100 molecules and with great oscillator
strength.[46] A similar coherence domain of about 70 mole-
cules (exciton delocalization) was observed by pump-probe
spectroscopy experiments for PIC aggregates at 1.7 K.[47, 48]

Recently, methods have become available to study
individual aggregates. Higgins and Barbara have applied the
near-field imaging technique for the first time to polyelectro-
lyte-bound J-aggregates of PIC.[49] The long rodlike aggre-
gates with an estimated length of several micrometers were
photobleached and revealed an upper limit of 50 nm for the
exciton migration distance. A few years later, scanning near-
field optical microscopy (SNOM) studies were carried out by
Kobayashi and Fukutake on PIC J-aggregates, and revealed
an average aggregate size of 30� 5 molecules and a coherent
domain size also of about 30,[50] which is in agreement with the
values reported in earlier publications. In 2007, Tani et al.
conducted SNOM experiments with improved sample prep-
aration on PIC J-aggregate fibrils in thin film matrices and
with modified microscope optics.[51] On the basis of their new
results, the authors considered a zigzag-type molecular

Figure 9. Structural model of threadlike-arranged PIC molecules pro-
posed by von Berlepsch et al.[7f ] This model (a,b) was derived from the
stacking of molecules in single crystals. Adjacent molecules that form
one strand are arranged along the x-axis of the crystal. Two such single
strands with oppositely oriented molecules form a double strand with
a herringbone-like arrangement (a,b). Assuming the same mass
density as in the single crystal, the volume of a cylindrical particle with
a cross-sectional diameter of 2.3 nm can be filled by approximately six
“unit strands”. Two highly symmetrical ones are shown in (c,d),
whereby (d) shows a hollow brickwork chimney model. Reproduced
from Ref. [7f ] with permission. Copyright (2000) American Chemical
Society.
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structure as a suitable model for PIC J-aggregates. Individual
J-aggregates of cyanine dyes have been studied not only by
imaging techniques as mentioned above, but also by single-
molecule spectroscopy. K�hler and co-workers have inves-
tigated aggregates of amphi-PIC (1-methyl-1’-octadecyl-2,2’-
cyanine) at low-temperature (1.5 K) by single-molecule
spectroscopy and obtained highly resolved fluorescence
excitation spectra of individual J-aggregates.[52]

In 2008, Katoh and co-workers investigated the formation
process of PIC J-aggregates by fluorescence detection of
single aggregates in flowing solutions.[53] They observed a
continuous signal for the fluorescence of a large number of
mesoaggregates consisting of 20–100 PIC molecules each, as
well as a pulsed signal for individual macroaggregates with a
fiberlike shape, a length of a micrometer, and a diameter of 2–
3 nm. These values are consistent with those obtained earlier
by cryo-TEM studies.[7f,g] Katoh and co-workers concluded
that the formation of PIC J-aggregates proceeds through the
assembly of mesoaggregates in solution. Moreover, the nuclei
of the macroaggregates appear to regerminate throughout the
formation process.

As evident from the above discourse, the structure of PIC
aggregates has often been discussed controversially, and
diverse structural models for PIC J-aggregates have been
proposed. It is remarkable that the observations made in the
early years, when rather very modest instrumental techniques
were employed, and the conclusions made on the basis of
those observations are still valid. Undoubtedly, PIC aggre-
gates self-assemble into extended supramolecular polymers in
aqueous solution,[54] and these polymers exhibit spectacular
functional properties, in particular, exciton migration over
macroscopic distances. It is remarkable, however, that even
the highly sophisticated NMR spectroscopy and electron
microscopy techniques available nowadays can not reliably
resolve the structural details of the molecular packing in these
aggregates, and thus the much desired structure–property
relationship still remains unexplored.

In our opinion, it is very likely that not only the aggregate
size but also the aggregate structure of PIC dyes strongly
depends on the experimental conditions, and that spectro-
scopic techniques are very sensitive to even subtle changes in
the aggregate structure. Concentration-dependent studies of
very dilute solutions show equilibria between H-aggregates
(attributed to dimeric species) and J-aggregates (attributed to
extended double-string chains, Figure 8). In more concen-
trated solutions these initial double-string chains may interact
to form a larger nanofiber (Figure 9). Under different
experimental conditions (temperature, pH value, ionic
strength, etc.), however, the individual molecules might also
reorganize into another packing motif (for example, brick-
work; Figure 7a).

In this context it has to be taken into account that
noncovalent interactions between PIC molecules depend
merely on van der Waals forces. These forces are sufficiently
strong to enable self-assembly, because of the high polar-
izability of cyanine molecules, but exhibit little directional-
ity.[14] Thus, the hydrophobic effect may exert a strong
influence on the packing of PIC molecules within these
aggregates at different levels of structural hierarchy in

aqueous solutions of PIC aggregates. Moreover, counterions
of PIC dyes have to be accommodated into larger structures
for electrostatic reasons, which affect the molecular arrange-
ment in aggregate structures. Depending on the conditions
used for the preparation of the aggregates, we may also
anticipate the formation of kinetic products, that is, meta-
stable aggregates, which could not equilibrate under the
applied experimental conditions. Such kinetically trapped
aggregates become more probable the larger the aggregate
structures grow.[55] It is, therefore, reasonable to anticipate
that the apparently contradictory results on structural and
spectroscopic features of PIC aggregates originate from the
prevalence of different aggregate species because of the
diverse preparation conditions used in different laboratories.

2.2. J-Aggregates of Other Cyanine Dyes

Although cyanine dyes were discovered much earlier than
J-aggregates, this class of dyes gained their popularity only
after the significance of J-aggregates for silver halide photog-
raphy had become evident. The most prominent cyanine dye
is undoubtedly pseudoisocyanine (PIC). However, a large
variety of other cyanine dyes are known to form J-aggregates.

Systematic structural variations were already performed
in the late 1930s to determine the structural features that
enable J-aggregation. Scheibe replaced the quinoline ring of
the pinacyanol 16 (1,1’-diethylstreptomonovinylene-2,2’-qui-
nocyanine, also called quinocarbocyanine) by a benzothiazole
or an indole ring to obtain thiacarbocyanine (17, 3,3’-
diethylthiacyanine, benzthiocarbocyanine) or astraphloxin
(18, indocarbocyanine; Scheme 3). He noticed that the

aggregation tendency is decreased enormously by these
structural variations.[4] However, thiacarbocyanine and astra-
phloxin were found to form dimeric and extended H-
aggregates with strongly hypsochromically shifted absorption
bands.[56, 57]

Scheibe�s co-worker Ecker changed the structure of PIC
by introducing substituents at the quinoline ring (Scheme 4)
and observed that the J-band shifts from 572 nm to higher
wavelengths as the number of methyl groups increases (19,
20).[57] This red-shift can further be increased up to 605 nm by
anellation of the aromatic rings (21, 22) instead of introducing
methyl groups in the quinoline ring. However, the replace-

Scheme 3. Chemical structures of some cyanine dye cations with their
trivial names (chemical names are given in the text).

F. W�rthner et al.Reviews

3384 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 3376 – 3410

http://www.angewandte.org


ment of a quinoline ring of PIC by a benzselenazol hetero-
cycle to give dye 23 leads to a J-aggregating derivative with a
somewhat less-shifted J-band at 546 nm. Furthermore, it was
observed that the absorption spectrum of a mixture of
different J-aggregates is not a superposition of the corre-
sponding absorption spectra of the sole aggregates.[4, 58] Ecker
then performed systematic aggregation studies on mixtures of
different J-aggregates of these PIC derivatives and observed
the formation of coaggregates with a strong interaction
between the different dyes.[57] An alternating incorporation
of the monomers into the aggregate was assumed, as known
for mixed crystals. The dyes studied by Ecker initially formed
sandwich-type dimers with H-coupling, and extended aggre-
gates with J-type coupling were created only at higher
concentration.[57] Concomitantly with the appearance of the
J-band, those aggregate solutions showed high viscosity and
elasticity, as well as thixotropy.

Scheibe et al. recognized in the 1960s that the hydro-
phobic effect (also called solvophobic effect for solvents other
than water) is the main driving force for the aggregation of
cyanine dyes in water.[23] Since dispersion forces between the
dye molecules can neither explain the high values of free
binding energy, nor the fact that these dyes aggregate only in
water at room temperature, the hydrogen-bonding interac-
tions within this solvent have to be considered. This means
that the aggregation process of cyanine dyes can be under-
stood in terms of hydrophobic interactions, with the energy
being provided by the expulsion of water molecules from the
first hydration shell.

Additional criteria for the aggregation strength of cyanine
dyes are the size of their van der Waals surfaces and the
freedom of torsional motions in the molecules;[23, 59] the latter
process is related to the steric demands of the dye substitu-
ents. Cyanine dyes were classified into three different types
on the basis of steric bulk: I: loose, II: compact, and III:

crowded (Figure 10).[59, 60] In loose cyanine dyes (24, 25),
torsions and oscillations of the molecule counteract the
aggregation, while in compact dyes (26) several units of the
molecule are interlocked, thus rigidifying the molecule and
hence resulting in a high tendency for aggregation. No planar
molecular structure is possible in crowded dyes (27) because
of steric congestions imposed by bulky substituents, thus
molecular stacking is hindered and, as a consequence, the
aggregation ability of such cyanine dyes is decreased.
Thiacarbocyanine 27 does not even form dimers in water.[59]

This classification indicates that the aggregation propensity of
cyanine dyes increases as the steric hindrance increases up to
a certain point and then diminishes again. This observation
implies that a fine-tuning of the structural properties of
cyanine dyes is necessary to attain optimized aggregation
properties.

A large variety of cyanine dyes have been reported in the
past decades,[61] and several of the J-aggregate-forming dyes
have been given common abbreviations (Scheme 5). Partic-
ularly interesting examples are, besides 1,1’-diethyl-2,2’-
cyanine (pseudocyanine 1, PIC), the dyes 5,5’,6,6’-tetra-
chloro-1,1’-diethyl-3,3’-di(4-sulfobutyl)benzimidazolocarbo-
cyanine (28, TDBC), 1,1’,3,3’-tetraethyl-5,5’,6,6’-tetrachloro-

Scheme 4. Structures of PIC derivatives 19–23 and the absorption
maxima of their J-bands.

Figure 10. Classification of cyanine dyes based on their molecular
flexibility according to Brooker et al.[60] Double bonds in the methine
unites are omitted for simplicity.

Scheme 5. Chemical structures and common abbreviations of the
cyanines 28–31 (chemical names are given in the text).
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benzimidazolocarbocyanine (29, TTBC), 3,3’,9-triethyl-5,5’-
dichlorothiacarbocyanine (30, TDC), and 3,3’-bis(sulfo-
propyl)-5,5’-dichloro-9-ethylthiacarbocyanine (31, THIATS).
The aggregation properties of TDBC and THIATS and the
optical properties of their aggregates are discussed in the
following as representative examples, since these dyes are the
most thoroughly studied.

The cyanine dye TDBC exhibits a strikingly simple
spectrum with isosbestic points that is much easier to explain
than the spectra of PIC. Hence, TDBC was used for
aggregation studies by concentration-dependent UV/Vis
absorption measurements. Herz investigated for the first
time the J-aggregates of the sodium salt of TDBC by
concentration-dependent absorption spectroscopy to deter-
mine the number of monomers forming the assembly.[7d,e] In
contrast to PIC dyes, TDBC shows a well-defined transition
from monomers to J-aggregates without population of any
intermediate dimer or H-aggregate (Figure 11). From con-
sideration of the the mass action, in which it is assumed that n
monomers form one aggregate [Eq. (1)] and the total dye
concentration is given by c0, Equations (2)–(4) can be
obtained:

n MÐ Agg, K ¼ cagg=cn
m ð1Þ

c0 ¼ cm þ n cagg ð2Þ

c0�cm ¼ n cagg ¼ nKcn
m ð3Þ

lg n cagg ¼ lg n K þ n lg cm ð4Þ

cm and cagg are the concentrations of the monomeric and
aggregated molecules, respectively, n is the number of
monomer units in the aggregate, and K is the association
constant.[7d,e] The concentration of the monomer cm can be
determined directly from the UV/Vis spectra by using the
Lambert–Beer law. According to Equation (4), a plot of
lg (ncagg) versus lgcm should be linear with a slope of n, while
the y-intercept allows evaluation of the association constant
K. From this, an aggregation number of n = 4 was estimated
for TDBC (Figure 11 a,b).[5a] As discussed before, however,
this aggregation number does not relate to the physical size of
the aggregate itself, but seems only to relate to the number of
molecules in the aggregate that undergo mutual spectral
perturbation (compare discussion for PIC in Section 2.1).
Therefore, four molecules were considered to constitute the
repeating spectroscopic unit cell of the J-aggregate of the
cyanine TDBC (28).[62] Herz also studied the effect of
surfactants on TDBC J-aggregates and found that J-aggre-
gates of TDBC dissociate nearly completely into monomers
upon addition of only 1 wt % of alkylphenoxy polyethylene-
glycol surfactant (Figure 11c).[7d]

Moreover, J-aggregates of TDBC were used to study the
exciton delocalization by advanced spectroscopic methods,
such as temperature- and wavelength-dependent fluorescence
lifetime and accumulated photon-echo experiments.[63a] Stud-
ies performed by Wiersma and co-workers revealed that the
temperature dependence of the fluorescence quantum yield
and the dephasing behavior of TDBC are very similar to those
of PIC. Pump-probe experiments showed that the delocaliza-

tion of the exciton in TDBC J-aggregates was distributed over
30 to 45 molecules at T= 1.5 K. By using a motional
narrowing model for disordered molecular aggregates, a
correlation of several hundred molecules was deduced based
on their data at 1.5 K.[63a] In the case of TDBC J-aggregates,
the exciton delocalization length was determined at room
temperature by femtosecond nonlinear optical experiments
to be 16 molecules.[63b]

While amphiphilic cyanines such as derivatives of TDBC
preferentially form tubular J-aggregates (for details, see
Section 2.3), the dye TTBC (29) forms two-dimensional J-
aggregates with a herringbone-type packing.[64] Such aggre-
gates of TTBC are characterized by a broad H-band and a
narrow J-band, and are attributed to Davidov splitting
(Figure 12).

Figure 11. a,b) Concentration-dependent absorption of dye 28 at 25 8C.
a) UV/Vis absorption spectra of 28 in aqueous NaOH (c= 1 � 10�3

m)
solutions at different concentrations of: 1) 5.0� 10�7

m, 2) 1.0 � 10�6
m,

3) 5.0 � 10�6
m, 4) 1.0 � 10�5

m, 5) 1.0 � 10�4
m, and 6) 4.0 � 10�4

m.
b) The molar concentrations of the monomer (cm) and aggregate (cagg),
which were derived from spectra in (a), are plotted to obtain the
aggregation number n of the J-aggregate. c) Deaggregation of J-
aggregates of 28 into monomers by aqueous surfactants at 25 8C. The
spectra were obtained with 10�3

m solutions containing the indicated
wt% (0.0–0.8%) of alkylphenoxy polyethyleneglycol surfactants. Repro-
duced from Ref. [5a] with permission. Copyright (1977) Elsevier
Science B.V.
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Hada et al. observed, depending on the preparation
conditions, not only a broad H-band, but also three different
J-bands for J-aggregates of TDC dye 30.[65] Each band could
be assigned to a different J-aggregate species (denoted as J1,
J2, and J3), which can be identified by 1) the position of the J-
band in the absorption spectrum, 2) the width of the
absorption and fluorescence bands, 3) the value of the
Stokes shift, and 4) the shape of the entire absorption
spectrum. Drobizhev et al. performed steady-state and time-
resolved spectroscopy at low temperatures and found that
only J2- and J3-aggregates were formed under these con-
ditions.[66] The J1-type aggregates have the lowest transition
energy of these J-bands, and are relatively unstable. Upon
optical excitation, the J3-aggregates undergo a thermally
activated transformation to J2-aggregates.

Van der Auweraer, Vitukhnovsky, and co-workers com-
pared the spectral properties of the aggregates of TDC dye
(30) with those of the structurally related THIATS dye (31),
and found that the latter also exhibits three different J-bands
(Figure 13 b, only one J-band is shown here).[67] They also
observed a dependence of the fluorescence anisotropy of both
TDC and THIATS aggregates on the excitation wavelength,
which was rationalized in terms of a zigzag chain model with
two molecules per unit cell. In this model, the transition
dipole moment of each molecule is estimated to possess an
angle of � (65–70)8 with respect to the chain direction. In a
subsequent study, this model was modified to a double-chain
model that could explain both the narrow J-band and broad
H-band of THIATS aggregates.[68]

Fluorescence anisotropy as well as linear dichroism
experiments performed by Scheblykin et al. on aligned
aggregates of THIATS in a rotating cell provided evidence
of the presence of two molecules per unit cell.[69a] Fluores-
cence quantum yields were measured across the entire
exciton band, and values of 0.1 and 0.4 were found for
excitations involving the upper and lower Davydov compo-
nents, respectively, thus revealing an intraband exciton
relaxation (Figure 14). Exciton–exciton annihilation experi-
ments demonstrated an efficient exciton transport within this
aggregated system, which suggested an exciton migration
over 6 � 104 monomer units at room temperature and 6 � 106

monomers at 77 K before it decays.[69]

In further studies, Scheblykin et al. investigated the
temperature dependence of the optical and excitonic charac-
teristics of J-aggregates of THIATS, in particular, the
radiative lifetime and the coherence length of THIATS
excitons, over a temperature range from 4.2 to 130 K.[70] The
fluorescence quantum yields were found to increase as the
temperature was decreased. It was concluded from compara-
tive studies of PIC and THIATS aggregates at different
temperatures that the coherence length of the PIC aggregates
increases more rapidly than that of THIATS aggregates upon
cooling. Moreover, it was demonstrated convincingly that the
consideration of all the optically allowed Davydov compo-
nents of the exciton band is important to estimate the exciton
coherence length correctly. The temperature dependence of
the exciton radiative lifetime of J-aggregates of THIATS can
be rationalized, in contrast to PIC J-aggregates, within the
framework of a one-dimensional model with two molecules

Figure 12. Normalized absorption (left) and fluorescence (right) spec-
tra of dye 29 : c aggregate, g monomer. Reproduced from
Ref. [64] with permission. Copyright (2006) American Chemical Society.

Figure 13. Absorption and fluorescence spectra of aggregates of
a) TDC and b) THIATS in a water/ethylene glycol glass at 77 K at a
concentration of 10�3

m. Reproduced from Ref. [67b] with permission.
Copyright (1996) IOP Publishing Ltd.

Figure 14. a) Absorption spectrum of THIATS J-aggregates at 77 K in
relation to b) the energy diagram of a molecular aggregate with
Davydov splitting of the exciton band, which shows intraband exciton
relaxation. Reprinted from Ref. [70] with permission. Copyright (2000)
Elsevier Science B.V.
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per unit cell. However, a two- or three-dimensional aggregate
has to be present to account for the very efficient exciton
migration observed for PIC aggregates through exciton–
exciton annihilation. Only in this case does the density of
states allow the observed temperature dependence at low
temperature to be explained.[71]

The first systematic investigation on the temperature
dependence of Stokes shifts of J-aggregates was performed
with THIATS aggregates, along with studies on the temper-
ature dependence of other excitonic and optical character-
istics, such as absorption and fluorescence line broadening,
exciton migration rate, and wavelength dependence of the
fluorescence decay time.[7h] The line broadening was assumed
to be the result of both static and dynamic disorder. To
explain the temperature-dependent behavior, rather simple
models for the static disorder such as the broken rod (BR)
model, the model of continuous energy disorder (CED
model), and the model of totally accessible density of states
(DOS) were discussed.[72] It was revealed that there are three
temperature ranges where a whole set of exciton and spectral
properties of J-aggregates of THIATS exhibit different
temperature dependences (Figure 15). Static disorder is the

main factor that limits the coherence length, exciton–exciton
annihilation, and absorption band width in the static range
(T= 0–20 K). The static to dynamic range (T= 30–70 K) is the
transition range, where most of the excitonic properties
change greatly. In the third range, the dynamic range (T= 80–
300 K), the exciton migration is strongly slowed down by the
scattering of optical phonons.[7h] The non-monotonous tem-
perature dependence of the Stokes shift was modeled
theoretically later on by Knoester and co-workers, and
nicely agrees with the experimental data.[6c]

An interesting application of extended excitons has been
introduced by Whitten and co-workers. They have intensively
studied polylysine polymers with pendant cyanine dyes 32
(Scheme 6) to explore the potential of these cyanine-based
polymers for fluorescence sensing.[19] They have shown that
these cationic cyanine-pendant polymers exhibit character-
istic J-aggregate absorption and fluorescence in aqueous

solution and also after adsorption onto anionic supports. The
fluorescence of such J-aggregated cyanine polylysines can be
efficiently quenched by suitable small quencher molecules as
well as by bio-macromolecules, and thus they can be used for
biosensing.[19d,e] Moreover, the Whitten research group has
found that cyanine dyes such as TTBC (29) and TDC (30)
form J-aggregates in the presence of water-soluble organic
polyelectrolytes, such as carboxymethylamylose (CMA), with
characteristic absorption and fluorescence properties.
Accordingly, these systems are also interesting for fluores-
cence-based biosensing.[19e,f]

2.3. Amphiphilic Cyanine Dyes

The most significant recent advancement in the field of J-
aggregating cyanine dyes was the systematic functionalization
of 5,5’,6,6’-tetrachlorobenzimidacarbocyanine (TBC) with
hydrophobic and hydrophilic chains on the two sides of the
chromophore by D�hne and co-workers.[5d,g,7j, 73] In this way,
the dyes became soluble amphiphilic molecules (in contrast to
the cyanine dyes studied before by Kuhn and M�bius in LB
layers) and were accordingly named as amphipipes (amphi-
philes with pigment interactions performing energy migra-
tion) by their inventors. The general structure 33 of TBC-
based amphiphilic cyanine dyes is shown in Scheme 7, and
interested readers are referred to an excellent and detailed
recent review by Kirstein and D�hne that covers all the
relevant findings on the structural and optical properties of
this class of dye aggregates.[5g] The important advantage of
these amphiphilic cyanine dyes is that their self-assembly in
aqueous solution can be controlled by the relative size of the

Figure 15. The temperature dependence of the Stokes shift relative to
the fwhm of the fluorescence spectrum in the semilogarithmic scale
reveals three temperature ranges. The functions plotted by bold lines
are indicated. Reprinted from Ref. [7h] with permission. Copyright
(2001) American Chemical Society.

Scheme 6. General structure of the polylysines 32 with pendant TTBC
cyanine dyes, as investigated by the Whitten research group.[19d,e]

Scheme 7. General structure of amphiphilic cyanine dyes based on
TBC (33) with R = COO� (COOH) or SO3

� (SO3Na); m= 2–12 and
n = 1–4 indicate the length of the alkyl chains in the hydrophobic and
hydrophilic substituents, respectively.
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hydrophobic side chains and the polar head groups. Accord-
ingly, highly ordered J-aggregates of various morphologies
became accessible from the same chromophore, and their
characteristic optical properties could be related to the
mutual orientations of the transition dipole moments of the
dyes in the supramolecular arrangements.[5d,f,g,7j, 73]

Studies with numerous derivatives of 33 have shown that
the morphology of the aggregates of those amphiphilic
cyanine dyes depends sensitively on the structural features
of the hydrophobic and hydrophilic substituents. A short
mnemonic code of the type CmRn was introduced to address
different derivatives of 33, where m and n indicate the length
of the alkyl chains at the 1,1’- and 3,3’-positions, respectively,
and R donates the ionic groups in the hydrophilic substitu-
ents. If R = COO� or COOH, it is represented by O, and when
R = SO3

� or SO3Na by S.[5g] It was observed that derivative
C8O1 (that is, structure 33 with m = 8 and n = 1, and R =

COOH) does not form any J-aggregates, while dyes with
longer hydrophilic and hydrophobic chains, for example, dyes
C8O3, C10O3, and C12O3, mostly form tubular aggregates. A
selection of the investigated amphiphilic cyanine dyes, along
with their mnemonic codes and observed aggregate morphol-
ogy, can be found in Ref. [5g].

Two most extensively studied
amphiphilic cyanine dyes are C8O3
and its sulfo analogue C8S3. Both dyes
form tubular aggregates upon self-
assembly. For C8O3, von Berlepsch
et al. obtained direct evidence for the
first time of tubular aggregates by
cryo-TEM.[73] Ropelike structures
were observed that consist of bundles
of a distinct number of tubules, as
shown in Figure 16 together with a
computer simulation. The computer
simulation shows hollow cylinders that
are packed on a triangular lattice and
intertwined. The observed tubules
exhibit an outer diameter of 10 nm
and the length of the ropelike bundles
exceeds hundreds of micrometers. The
thickness of the wall of the tubules was
estimated to be approximately 4 nm,
which led to the assumption that the
wall is constructed of a bilayer of the
amphiphilic dyes, similar to a lipid
bilayer.

The tubules formed by self-assem-
bly of the sulfobutyl-substituted dye
C8S3 are, in contrast to those of C8O3,
well separated, and only sporadically
bundles of tubes are formed.[74] The
diameter of the tubes of C8S3 is
dependent on the solvent composition
and preparation conditions, with
values of 16 nm and 13 nm being
observed in pure water and solutions
containing more than 18 vol% meth-
anol, respectively.[5g,74] In both cases,

the thickness of the walls of the aggregates was found to be on
the order of 4 nm, which was taken as an indication that the
wall consists of a bilayer, as in the case of C8O3. A high-
resolution transmission contrast image was obtained by cryo-
TEM on C8S3 aggregates, which revealed a double-walled
tubular structure.[5g,75] A schematic model of the double-
walled tubular J-aggregates of C8S3 is illustrated in Fig-
ure 17.[75b] Such J-aggregates could be immobilized on solid
surfaces, which enabled the recording of high-resolution

Figure 16. a) Cryo-TEM image of a single quadruple helix. The scale
bar represents 50 nm. b) Simulated projection image of this helix and
the c) corresponding three-dimensional view. Reprinted from refer-
ence [73] with permission. Copyright (2000) American Chemical Soci-
ety.

Figure 17. a) Structure of cyanine dye C8S3 with the most hydrophilic and hydrophobic regions
marked. b) A model of the double-walled nanotube with the long alkyl chains in the interior of the
bilayer. c) Schematic representation of the orientation b of the transition dipole of the monomer
dye relative to the long axis of the nanotube. The gray band indicates the wrapping of the inner
and outer walls of the bilayer tube by dye monomers. Reprinted from reference [75b] with
permission. Copyright (2009) Nature Publishing Group.
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images of the topography and measurement of the exciton
fluorescence of individual J-aggregates by polarization
resolved near-field scanning optical microscopy (NSOM).[75b]

Whilst planar ribbonlike J-aggregates of C8O4 feature
simple narrow and red-shifted J-bands,[ 5g] complicated
absorption spectra composed of several J-bands were
observed for the cyanine dyes C8O3 and C8S3 in aqueous
solutions (Figure 18).[5g,76] From a theoretical point of view,
cylinder structures such as the one shown in Figure 17 are
indeed predicted to show two exciton states with allowed

optical transitions, both shifted towards lower energies
compared to the monomer transitions.[5f] Accordingly,
because of the dependency of the transition energies on the
diameter of the cylinder, up to four excitonic states can arise
for a bilayer tubule. Digrada et al. have clarified the relation
between the molecular aggregate structure and the shape of
the absorption spectrum by linear dichroism (LD) studies on
oriented samples of C8O3 and C8S3.[74, 77] The two absorption
bands with lowest energy (labeled as I and II in Figure 18b)
are polarized along the aggregate axis, while the third band at
higher energy (III) is polarized perpendicular to the axis. The
origin of the less intensive absorption bands IV and V is still
not completely understood, as they are not, or only weakly,
polarized.

The band with the lowest transition energy is very narrow
and leads to fluorescence emission without notable Stokes
shift, independent of the excitation wavelength. Thus, similar
to J-aggregates of PIC and other cyanine dyes, fairly
delocalized excitonic states are formed in the C8O3 and
C8S3 aggregates. The size of the coherently coupled domain
in the C8O3 tubular aggregates was determined by two-color
pump-probe experiments to involve about 95 molecules at
1.5 K.[77c] This value is slightly larger than those of the cyanine
dyes TDBC (30–45) and PIC (ca. 70) obtained under the same
experimental conditions.[48]

Surprisingly, the formation of optically active tubules was
already observed by CD spectroscopy on J-aggregates of
some achiral amphiphilic TBC derivatives.[78a] This observa-
tion was explained by an unequal distribution of left- and
right-handed helicity of J-aggregates. Moreover, it was shown
that ionic surfactants such as sodium dodecyl sulfate (SDS)
and trimethyltetradecylammonium bromide (TTAB) affect
the morphology of the J-aggregates of these amphiphilic
cyanine dyes.[73a, 79] This was expressed by distinct changes in
the visible region of the spectra upon addition of such
surfactants to solutions of the aggregates. In the case of C8O3/
SDS mixtures, single-walled tubules of 15 nm diameter and
300–600 nm length were formed, which were completely
transformed into thick multilamellar tubes of micrometer
length after several days. In contrast, C8O4/SDS mixtures
remained stable for several weeks. The cationic surfactant
TTAB first induces the formation of vesicles of the cyanine
dye C8O3, which later transforms again into tubular aggre-
gates of nanometer thickness and micrometer length. For
C8O4/TTAB mixtures, however, aggregation leads to precip-
itation and eventually to the formation of needle-like micro-
crystals. The addition of chiral surfactant alcohols resulted in
the formation of J-aggregates with defined helical chirality.[80]

Although amphiphilic cyanines possess many desirable
properties, it has to be noted that these chromophores readily
degrade in the presence of oxygen upon extensive exposure to
light.[5d] Investigations on tubular J-aggregates of C8S3
revealed that irreversible oxidation of the J-aggregates
appears to occur primarily along the outer wall of the tubular
structure.[75a] Electrochemical and chemical reaction steps, in
which dimerization and subsequent dehydrogenation take
place, result in the formation of a new dehydrogenated
dimeric oxidation product.

The modest photostability and ionic character of cyanine
dye aggregates limit their scope for applications. These
aggregates have mostly been used for photosensitization of
silver halides in color photography.[5j,k] However, with the
advent of digital photography, the significance of this
application is diminishing. More recently, the advantageous
fluorescence and exciton transport properties of cyanine dye
aggregates have been utilized for biosensing applications,
which rely on the efficient fluorescence quenching of cyanine
J-aggregates by minute amounts of analytes.[19] The pro-
nounced color changes that occur upon aggregation/deaggre-
gation or structural reorganization, that is, from H-type to J-
type aggregation, have been utilized to explore the inter-
actions of cyanine dyes with a variety of biomacromolecules,
including DNA,[81] polypeptides,[19d,e,82] and polysacchari-

Figure 18. a) Change in the absorption spectra of an aqueous solution
of C8O3 upon addition of MeOH. The arrows indicate the changes
upon increasing the amount of MeOH from 0 to 34.4 vol%. b) Absorp-
tion spectra of an aggregate solution (aqueous NaOH with 16 wt %
MeOH) of C8S3 (c) and a solution of monomers (a) for
comparison. The different J-bands are indicated by I–V. Reproduced
from a) Ref. [76] with permission, copyright (2002) American Chemical
Society, and b) Ref. [5g], copyright (2006) Hindawi Publishing Corpo-
ration.
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des.[19f] Undoubtedly, all these applications benefit from the
cationic character of cyanine dyes, and hence their solubility
in water. On the other hand, it is exactly this ionic character
that limits the application of cyanine dyes in other fields
where the excellent exciton transport properties of J-aggre-
gates are of interest, for example, organic photovoltaics.
Notably, a salt composed of a cationic and an anionic
polymethine dye has recently been applied in a bulk hetero-
junction (BHJ) solar cell.[83] J-Aggregates of neutral mole-
cules that are discussed in the following sections might be
more promising for this area of high technological relevance.

3. Merocyanine and Squaraine Dyes

The structurally most closely related dyes to cyanines are
merocyanines and squaraines. Both of these classes of dyes
contain linear and highly polarizable polymethine chains but,
in contrast to cyanines, they are not ionic. Therefore, these
dyes are interesting candidates for the photovoltaic applica-
tions mentioned in Section 2.3.[84] As a consequence of their
significant zwitterionic character, and thus strong dipole
moments (Figure 19 a), merocyanine dyes have been widely
studied for nonlinear optical (NLO) and photorefractive (PR)
applications.[85] Those investigations have concentrated
mainly on monomers. However, numerous studies were
performed during the last few decades on merocyanine
aggregates in films, such as LB films, where in some cases J-
type assemblies were formed. A comprehensive overview on
this particular subject has recently been published by
Kuroda,[86] thus this aspect is not discussed here.

While many kinds of cyanines form J-aggregates in
solution or in silver halide emulsions, only a few examples
of merocyanine J-aggregates in solution have been reported.
The reason for this might be that highly dipolar merocyanine
dyes preferentially form face-to-face-stacked centrosymmet-
ric dimers (Figure 19 b) with H-type excitonic coupling.[87]

Occasionally, a weak J-band and fluorescence from the
lower excitonic state have been observed (Figure 19 c),
which are attributed to a rotational displacement of two dye
molecules in the dimers.[87c] The strong electrostatic inter-
actions have resulted in these sandwich-type dimers exhibit-
ing the highest Gibbs binding energies of the dye aggregates
reported so far.[88] Interestingly, functionalization of the
electron-donor moiety with bulky substituents can induce
displacement of the monomers into a slipped stacking
arrangement in the solid state (Figure 20).[89]

Nevertheless, a few merocyanine dyes with J-type aggre-
gation behavior in solution were reported in the 1980s.
Mizutani et al. observed J-type aggregation of the merocya-
nine dye 36 bearing a long alkyl chain (Scheme 8) in
methanolic aqueous solutions containing KOH and nonionic
surfactant Triton X-100.[91] The two low-energy absorption
bands observed for this dye at about 595 and 630 nm were
tentatively assigned to a tetramer and a hexamer species,
respectively. The corresponding merocyanine 37 containing a
sulfonate group (Scheme 8) and its derivatives with various
lengths of the alkyl chain and differerent counterions were
studied intensively by Balli and co-workers, and they

Figure 19. a) Mesomeric structures of the highly dipolar merocyanine
dye 34 with its dipole moment. b) Top: MP2/6-31G(d,p)-minimized
structure of the dimer aggregate of 34 with q = 588 and R = 3.25 � (all
alkyl substituents were replaced by methyl groups in the calculation);
gray C, white H, blue N, red O. Bottom: structural model (left, side
view; right, top view) for the calculation of the exciton coupling
between the transition dipole moments indicated as double arrows in
the dimer aggregates. c) UV/Vis absorption (c) and fluorescence
(a) spectra for dimers of 34 in dioxane at room temperature
(lex = 21505 cm�1).[87c]

Figure 20. Dipolar merocyanine dye 35 (IDOP)[90] and double-string
aggregate motif observed for this dye in the solid state by single-
crystal X-ray analysis; gray C, white H, blue N, red O.[89]
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observed that these merocyanines form J-aggregates in water
or DMSO/water mixtures without the addition of any salt.[92]

Moreover, a bathochromically shifted absorption band,
presumably because of J-aggregation, was observed when
related bismerocyanine dyes aggregated in water in the
presence of starch.[92e]

In the early 1980s, Kalisky and Williams suggested, on the
basis of N2-laser transient spectroscopy studies, a photo-
induced formation of J-aggregate stacks of a merocyanine and
its ring-closed form spiroindolinebenzopyran.[93] Recently,
Yagai et al. reported the creation of binary hydrogen-bonded
supramolecular polymers composed of a bismelamine and
barbiturate-type merocyanine dye in aliphatic solvents.[94]

These supramolecular polymers exhibit well-defined one-
dimensional fibrous structures that form, as a result of
interchain association, two-dimensional sheetlike macro-
scopic structures. The latter show a weakly red-shifted
absorption band at higher concentration relative to that of
the monomer in dilute solution.

Squaraine dyes 38 (also called squarylium dyes) are
derivatives of squaric acid (also called quadratic acid), and
consist of an oxocyclobutenolate core with aromatic or
heterocyclic components at both ends of the molecule
(Scheme 9).[95] These dyes were first synthesized in the
1960s,[96] and they show intense absorption and often also
fluorescence emission, typically in the red and near-infrared
region. With these characteristic features, they have attracted
much attention from the viewpoint of technological applica-
tion.[95] However, J-aggregates of this class of dyes have been
reported sparsely, and most investigations were performed on
films, for example, LB films.[97]

Only a few squaraine dyes have been reported to form J-
aggregates in solution. During concentration-dependent
absorption studies on bis(2,4,6-trihydroxyphenyl)squaraine
(39) in dry acetonitrile a narrow bathochromically shifted
band was observed that was attributed to a J-type dimer
formed by hydrogen bonds.[98] In a more recent study, the
authors confirmed that changes in the absorption spectra
were due to aggregation of the dye molecules, and not caused
by the presence of spurious amounts of acid or water.[99] On
the other hand, it was observed for the class of N-alkyl
squaraines 40 that the formation of J-type or H-type
aggregates depends on the DMSO/water solvent composi-
tion.[100] J-Aggregates were formed in water with a low
percentage of DMSO, whereas H-aggregates were created in
solvent mixtures containing a high percentage of DMSO. For
the intermediate range, a conversion from J-type to H-type
aggregates of such squaraine dyes could be observed over
time, thus pointing at a thermodynamically only metastable J-
aggregate state. Furthermore, UV/Vis absorption and CD
spectroscopic studies showed that the chiral squaraine dye 41
formed J-aggregates in acetonitrile upon addition of at least
10 vol % water.[101]

4. Chlorophyll Dyes and Structurally Related
Macrocyclic Tetrapyrroles

The predominant “pigments” in natural light-harvesting
(LH) systems are chlorophylls and bacteriochlorophylls,
which can be considered as derivatives of the tetrapyrrole
macrocycle porphyrin.[102] These natural LH pigments are
constructed from a chlorin or bacteriochlorin (Scheme 10)

skeleton containing an additional five-membered ring with a
keto function and a central metal ion (magnesium), which is
coordinated to the pyrrole nitrogen atoms. The chemical
structures of light-harvesting chlorophylls and bacteriochlor-
ophylls are shown in Scheme 11.

The structures of chlorophylls (Chls) a and b as well as
bacteriochlorophylls (BChls) c, d, and e are based on a chlorin
structure, while those of BChls a and b are derived from a
bacteriochlorin. It is noteworthy that the term “bacterio-
chlorophyll” for BChls c, d, and e is somewhat misleading, as
these BChls contain a chlorin structure, and not a bacterio-
chlorin. However, the trivial name “bacteriochlorophyll” was
assigned to these chromophores long before their chemical
structures were completely elucidated, and originated from

Scheme 8. Structures of J-aggregate-forming merocyanine dyes
reported by Mizutani et al. (36)[91] and Balli and co-workers (37).[92]

Scheme 9. General structure of squaraine (38), where R and R’ are
aromatic or heterocyclic components. Examples of J-aggregating
squaraine dyes 39–41 with alkyl =butyl, octyl, or dodecyl in dye 40.

Scheme 10. Basic structures of porphyrin and its derivatives chlorin
and bacteriochlorin, in which one or two pyrrole double bonds,
respectively, are reduced. The structure of the most important tetraaza-
porphyrin derivative phthalocyanine is also shown.
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their natural occurrence in bacteria. For example, light-
harvesting complexes II (LH II) of purple bacteria Rhodop-
seudomonas (Rps.) acidophila[104] and Rhodospirillum (Rs.)
molischianum[105] contain 27 and 24 BChl a chromophores,
respectively, which are organized in a circular arrangement in
a protein scaffold into the so-called B800 and B850 rings,
which are named according to their absorption maxima at
around 800 nm and 850 nm, respectively. The structures of
LH II of Rs. molischianum and light-harvesting complex I
(LH I) of Rhodobacter (Rb.) sphaeroides, together with the
transfer of excitation energy in the bacterial photosynthetic
unit is shown in Figure 21.[106] In the B850 manifold, 18 and 16
BChl a dyes are positioned in a slipped stacking arrangement
that affords J-type coupling. This spatial organization ensures
ultrafast exciton transport within the cyclic array (ca. 100 fs)
and efficient excitation energy transfer to other LH II or LH I
complexes (both within a few ps)[106, 107] that are located in
proximity in photosynthetic membranes (Figure 22).[108] The

directionality of the LH II!LH I energy transfer process is
ensured by the more bathochromically shifted J-band (B875)
of LH I, which arises from a larger number of BChl a dyes
that are organized in a more distorted cycle.[106, 107b]

Inspired by the fascinating beauty and pivotal functions of
such arrays of natural cyclic dyes in the photosynthetic
apparatus, a multitude of artificial cyclic dye arrays—in
particular based on porphyrin and metalloporphyrin dyes—
have been constructed over the past few decades to mimic the
functional features of the natural archetypes. As comprehen-
sive reviews on artificial cyclic dye arrays have been published
in recent years,[109] those systems are not discussed in detail in
this Review.

In contrast to the LH complexes of purple bacteria, LH
systems in chlorosomes of green sulfur bacteria (Chlorobi)
and green non-sulfur bacteria (Chloroflexi) contain a large
number of mainly BChl c–e molecules (there can be more
than 200000 dye molecules per chlorosome), whose defined
arrangement is controlled and stabilized only by dye–dye
interactions,[110] and not by the protein matrix, as in the case of
purple bacteria. Chlorosomes are oblong bodies with a size of
up to 200 � 100 � 30 nm3 that are attached to the inner side of
the cytoplasmic membrane (Figure 23).

Unfortunately, no crystal structure of chlorosomal LH
systems has been determined, which would provide clear
information on the molecular arrangement of BChl aggre-
gates in chlorosomes. Thus, in vitro self-assembly of BChl c
and semisynthetic model compounds, particularly zinc chlorin
42a (see Scheme 12, Section 4.1),[111a–e] have been intensively
studied to explore the structural features of chlorosomal LH
systems. This has led to different structural models for the
macroscopic organization and the local supramolecular
arrangement of adjacent BChl dyes having been proposed
and controversially discussed.[110, 111] Since even chlorosomes
of the same species may contain BChls c–e in different ratios
with variable side chains and as stereoisomers (Scheme 11)
depending on the growth conditions and the development
stage of the cell, it seems likely that the organization of the
pigment is not limited to one particular arrangement, but is

Scheme 11. Chemical structures of most frequently occurring natural
chlorophylls (Chls) and bacteriochlorophylls (BChls). The substituent R
in the chlorophylls is a phytyl group, while in the bacteriochlorophylls
R is variable (for example, phytyl, farnesyl, or stearyl group). Substitu-
ent R8 in BChls c–e can be a methyl, ethyl, propyl, isobutyl, or
neopentyl group.[103]

Figure 21. Top: Structures of LH I and LH II complexes of Rb. sphaer-
oides and Rs. molischianum, respectively. Bottom: Schematic represen-
tation of the transfer of excitation energy in a bacterial photosynthetic
unit.[106] Reprinted from Ref. [106a] with permission. Copyright (1997)
American Institute of Physics.

Figure 22. Organization of the bacterial photosynthetic apparatus in a
membrane. Scale bar: 3 nm; arrows indicate regions that might
contain other membrane proteins. Reprinted from Ref. [108] with
permission. Copyright (2004) National Academy of Sciences USA.
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adaptive so as to provide just the required energy supply for
the cell.

Figure 23 illustrates the three proposed structure models
for the macroscopic organization of BChl aggregates in
chlorosomal LH antennae: the tubular nanorod model
suggested by Holzwarth and Schaffner,[112a] the lamellar
organization model favored by Pšenčĭk et al. ,[113a,b] and the
most recent multilayer cylinder or spiral model by Oosterge-

tel et al.[113c,d] All the models are based primarily on cryo-
TEM investigations, and thus the latest studies with the
highest resolution appear to be the most convincing. Never-
theless, these studies have also revealed differences between
wild-type Chlorobium tepidum green bacteria and mutants
that indicate the coexistence of different arrangements, as
discussed above.

A favorable interplay between three different weak
noncovalent interactions between the BChl molecular units
has been recognized and confirmed for the local supramolec-
ular organization of BChls c–e by various spectroscopic
methods, including infrared and Raman spectroscopy as
well as solid-state NMR spectroscopy. These interactions
are p–p stacking interaction, metal–ligand coordination, and
hydrogen bonding, the last being specific to this special type
of natural chlorophylls (Scheme 11).[112] The combination of
p–p stacking of the extended aromatic core of BChls and
coordination of the central metal ion to the oxygen atom of
the 31-hydroxy group of a neighboring BChl molecular unit
can lead to either the formation of closed dimers (antiparallel
model, Figure 23b) or to one-dimensional stacks (parallel
model, Figure 23c). For the latter case a J-type slipped
arrangement is defined for the whole stack, whilst quite
different 1D and 2D arrangements are feasible for the former
because the packing of the dimeric units relies on nondirec-
tional van der Waals forces (p–p stacking). Accordingly, it is
much easier to predict the further organization of the parallel
stacks that are closely attached to each other by hydrogen
bonding between the 31-hydroxy group and the 131-keto
group. This results in a curvature that is the prerequisite for
tubular or spiral-type macroscopic structures (Fig-
ure 23c).[112b]

Holzwarth, Schaffner et al. have used time-resolved
fluorescence spectroscopy to investigate intensively the
energy-transfer processes in zinc chlorin aggregates as
model systems for chromosomal LH systems by coaggrega-
tion with various kinds of quencher molecules.[112b, 114] These
studies revealed that the energy-transfer processes from the
antenna aggregate of zinc chlorin to the trap are within the
picosecond range (7–9 ps) and substantial fluorescence
quenching occurred in the antenna aggregate under reducing
as well as nonreducing conditions. On the basis of the strong
increase in the radiative rate of aggregates versus monomeric
chlorins, it was concluded that the excitation is delocalized
over at least 10–15 pigment molecules in the aggregates at
room temperature.[114]

4.1. Biomimetic Zinc Chlorin Dyes

As mentioned in Section 4, the zinc chlorin (ZnChl)
chromophore 42a (Scheme 12) has served as a very useful
model compound for natural BChl c to elucidate the struc-
tural and functional features of chlorosomal LS systems in
green bacteria.[111a–c,112a] Zinc chlorins possess the three func-
tional units (a hydroxy group, a central metal ion, and a keto
function) relevant for the self-assembly found in their natural
counterpart BChl c. The advantages of ZnChls over natural
BChl c are: an easier availability from Chl a by a semi-

Figure 23. Models for the chlorosomes of green photosynthetic bac-
teria. a) Schematic representation of the macroscopic organization of
BChl c–e pigments in the ellipsoidal bodies of chlorosomes for which
tubular rod (left), lamellar (middle), and spiral (right) arrangements
have been suggested.[112,113] The red arrows indicate the pathways for
the energy transfer to the reaction centers (RC). b,c) Two of the many
models that have been suggested for the organization of adjacent
BChl c–e dyes. In (b), two BChl molecules form an antiparallel dimeric
unit held together by two magnesium–oxygen coordinative bonds and
p–p stacking. Further assembly is governed by p–p stacking and
hydrogen bonding (not shown), which may lead to a variety of
structures of similar thermodynamic stability. In (c), slipped stacks are
formed by magnesium–oxygen coordination and p–p stacking, and
further self-assembly by hydrogen bonding affords the curvature that is
a characteristic feature of the chromosomal BChl aggregates observed
by electron microscopy.

Scheme 12. Structures of semisynthetic zinc chlorins 42a–c.
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synthetic approach using standard chemical transforma-
tions,[111c,115] and the higher chemical stability of zinc chlorins
compared to the magnesium chlorins present in natural
BChls. However, the aggregates of simple zinc chlorins, such
as ZnChl 42a, are poorly soluble and thus prone to undefined
agglomeration.[116] Similar to their natural counterpart
BChl c, zinc chlorin dye 42 a forms p stacks with J-type
coupling by metal-ion-mediated self-assembly. However, it is
unlikely that tubular structures can evolve in the absence of
solubilizing peripheral substituents. Therefore, W�rthner and
co-workers have developed new zinc chlorin derivatives, for
example, zinc chlorins 42b,c, bearing variable numbers of
long alkyl chains on the 172 carboxylic acid substituent (see
Scheme 12). It was shown that ZnChl derivatives with two or
three peripheral dodecyl chains self-assemble into well-
defined J-aggregates with good solubility and long-lasting
stability in nonpolar solvents, thereby enabling spectroscopic
and microscopic investigations aimed at elucidating the
aggregate structure.[117] Detailed studies with ZnChl 42 b,
which has a hydroxy group at the 31-position and two long
alkyl chains on the carboxylic acid at the 172-position,
revealed a fully reversible self-assembly process from mono-
mers into extended aggregates that have excellent solubility
in nonpolar solvents. Furthermore, the spectroscopic proper-
ties of these aggregates closely match those of BChl c–e
aggregates in natural chlorosomes, namely, a red-shifted
(about 100 nm) Qy-band (Figure 24).[117a,b] The aggregation of

ZnChl 42 b can be observed with the naked eye, as the blue
solution of the monomeric dye in di-n-butyl ether or
tetrahydrofuran (THF) turns green upon initiation of the
aggregation by addition of a nonpolar solvent such as n-
heptane or n-hexane (Figure 24, right). The morphology of
aggregates of zinc chlorins was elucidated by AFM studies,
which revealed well-defined nonoscale rod structures, with
42b, for example, having a height of about 6 nm (Fig-
ure 25).[117a,b] This value is in good agreement with the tubular
model (described in the previous section) and the electron
microscopy data for chlorosomal BChl c aggregates.[112, 118]

Several research groups have studied the self-assembly of
ZnChl derivatives in which the 31-OH group is replaced by a
methoxy group, hence eliminating the possibility of hydrogen
bonding that interconnects the one-dimensional (1D) chlorin
stacks into a tubular structure.[112e,117c] The formation of
extended p stacks was also confirmed for these dyes by
concentration- and temperature-dependent UV/Vis and cir-
cular dichroism (CD) spectroscopic studies. A pronounced
bathochromic shift (about 80 nm) of the Qy-band was
indicative of a J-type arrangement of the chlorin molecules
in a slipped p stack.[117c] The self-assembly of such 31-methoxy
zinc chlorins, in particular 42c, to give highly ordered 1-D p-
stacks of zinc chlorins could also be achieved on HOPG
surfaces, as revealed by high-resolution AFM and scanning
tunneling microscopy (STM) studies. Two types of p-stacked
aggregates (single and double stacks) were observed, depend-
ing on the concentration of 42c.[117c]

Very recently, de Groot, W�rthner, and co-workers have
elucidated the molecular packing of self-assembled ZnChls
42b and 42 c in the solid state by magic angle spinning (MAS)
NMR spectroscopy in conjunction with X-ray powder dif-
fraction, DFT calculations, and molecular modeling stud-
ies.[119] It was found that zinc chlorins, containing either a 31-
OH or methoxy functionality, self-assemble in the solid state
in planar layers composed of antiparallel p stacks
(Figure 26).[119]

Despite the fact that the tubular aggregates of BChl c and
ZnChl are very efficient exciton transport systems, they
cannot absorb the significant green region of the solar
spectrum. Thus, biomimetic LH systems based on ZnChl
with covalently appended naphthalene bisimide (NBI) dyes
as auxiliary light-harvesting chromophores for the green
region were developed to bridge the “green gap”.[120] Several

Figure 24. Left: Temperature-dependent UV/Vis spectra of zinc chlorin
42b in a 20:80 mixture of di-n-butyl ether/n-heptane (3 � 10�6

m). The
arrows indicate the spectroscopic changes upon increasing the tem-
perature from 15 8C up to 95 8C (bold dashed line: monomer spectrum
at 95 8C). Modified from Ref. [117]. Right: Photographs of solutions of
monomeric 42 b in THF (blue) and its aggregate in n-hexane (green).

Figure 25. AFM images of aggregates of zinc chlorin 42b on highly
oriented pyrolytic graphite (HOPG). Different areas and magnified
images are shown in (a), (c), and (d); b) the height profile along the
red line in (a). The samples were prepared by spin-coating from a
solution of 42b in n-hexane/THF (100:1) on HOPG and measured in
air. Reprinted from Ref. [117b] with permission.
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ZnChl–NBI dyads and triads were
synthesized and their self-assem-
bly properties were studied by
UV/Vis, CD, and steady-state
emission spectroscopy. The
absorption spectra of the aggre-
gate of the ZnChl–NBI–NBI’ triad
(43) and that of the respective
ZnChl, together with the solar
irradiance, are shown in
Figure 27 to illustrate the cover-
age of the “green gap” by J-
aggregates of such triads. Self-
assembly studies on these multi-
chromophore systems revealed
the formation of rodlike antennae
by noncovalent interactions
between ZnChl units, while the
appended NBI dyes do not aggre-
gate at the periphery of the rod
antennae.[120] A schematic illustra-
tion of the proposed model for rod
antennae self-assembled from
triad 43 is shown in Figure 28.

Furthermore, picosecond
time-resolved fluorescence spec-
troscopy of these rod antennae
revealed a highly efficient fluores-
cence resonance energy transfer
(nearly 100%) to the inner zinc
chlorin stack upon photoexcitation of the peripheral NBI
units. The efficiencies of such rod aggregates of ZnChl for the
harvesting of solar light are, thus, markedly increased up to
63% (for triad 43) compared to the light-harvesting capacity
of the monochromophoric aggregates of the ZnChl model
system.[120b] Most recently, Tamiaki and co-workers con-
structed remarkably efficient Gr�tzel cells (also called dye-
sensitized solar cells) with light-sensitive bacteriochlorin J-
aggregates and titanium dioxide (solar energy conversion
efficiency of 6.6%).[121]

4.2. Porphyrin and Phthalocyanine Dyes

Natural (bacterio)chlorophyll dyes can be considered as
derivatives of porphyrin since they contain a porphyrin
structure as the core, with one or two double bonds of
tetrapyrrol rings reduced. It appears to be questionable,
however, whether porphyrins and their J-aggregates can serve
as artificial counterparts of natural chlorin systems, as the
latter exhibit lower energy Qy-bands of high oscillator
strength, whereas these transitions are almost forbidden in
porphyrins. As a consequence, exciton coupling, which is
proportional to the oscillator strength (or, more precisely, to

Figure 26. Proposed model based on MAS NMR spectroscopy, MM+

calculations, and X-ray diffraction data for the three-dimensional
packing of 42c in the solid state in an alternating antiparallel p-stack
arrangement:[119] a) A single stack model and b) a multiple stack
model; light gray C, white H, blue N, red O, dark gray Zn.

Figure 27. a) UV/Vis absorption spectra (green) of aggregates of the
ZnChl–NBI–NBI’ triad (43 ; c) in cyclohexane/tetrachloromethane
(99:1) and the corresponding aggregates of 42b (g) in cyclohexane/
tetrachloromethane/THF (99:1:0.1).[120b] The solar irradiance (orange
line, source: http://rredc.nrel.gov/solar/spectra/am1.5/) is also shown
to indicate the very significant green light region.

Figure 28. Top: the ZnChl-NBI-NBI’ triad 43 and bottom: schematic structural model for rodlike
antennae with the fluorescence energy transfer (ET) rates and efficiencies FET.

[120b]
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the square of the transition dipole moment), is very small for
the Qy-states in p–p-stacked porphyrins compared to those of
chlorins. The excitonic coupling between porphyrins is thus
typically evaluated on the basis of the very intensive higher
energy B-band (Soret band), which is, however, irrelevant for
exciton transport.

The structurally very appealing self-assembled porphyrins
with a slipped face-to-face stacking geometry have been
developed by Kobuke and co-workers. This research group
found in the early 1990s that meso-imidazolyl-substituted zinc
porphyrins had a pronounced Gibbs dimerization enthal-
py.[122a] Since then, they have created a wide variety of
fascinating molecular architectures, including supramolecular
polymers and cyclic arrays with close structural resemblance
to the dye arrays found in LH systems of purple bacteria, have
been realized (Figure 29).[122b] Despite the low intensity of the
Qy-bands of porphyrins, Kim and co-workers found photo-
physical results of high significance for these very defined
aggregates by employing time-resolved spectroscopy.[123]

In the absence of strong metallosupramolecular interac-
tions, however, porphyrins typically self-assemble in to weak,
only slightly slipped face-to-face columnar arrangements with
H-type excitonic coupling.[124] Tetrakis(4-sulfonatophenyl)-
porphyrin 44 (TPPS4, sometimes also abbreviated as H2TPPS
or TSPP; Figure 30) is possibly the most intensively studied J-
aggregating porphyrin derivative. The presence of J-bands in
the UV/Vis absorption spectra of porphyrins was first
reported in the early 1970s for TPPS4 in acidic solutions.[125]

It was found that pH 4.8, which is about the pKa value of 44 b,
is a threshold value for aggregation. The pH-dependent
aggregation process, which is not observed for related metal-
loporphyrins, could be attributed to the protonation of the
central pyrrole nitrogen atoms of the free-base form 44a to
give 44 b. A subsequent aggregation process is mediated by
ion pair contacts between the cationic porphyrin centers and
the anionic sulfonate groups at the periphery.[126] Only at
rather low concentrations of < 10�5

m was the monomeric
diacid form 44 b observed, whose transformation into the
aggregate could be induced by increasing the concentration or
increasing the ionic strength. The latter process is shown in
Figure 31, which depicts the formation of two J-bands—a
sharp one at 491 nm from the Soret band (B-band) of
monomeric 44b (434 nm) and a broad
one at 707 nm from the longest wave-
length Q1-band of monomeric 44b. In
comparison to 44b, the absorption
spectra of the deprotonated mono-
meric form of 44a consist of an intense
Soret band at 413 nm and four very
weak Q-bands at 648, 580, 552, and
515 nm (Q1, Q2, Q3, and Q4, respec-
tively), which is typical for free-base
porphyrins.[121a]

As shown in Figure 31, aggrega-
tion of 44 b is induced by the addition
of salts such as NaCl, KCl, or NaClO4.
It is assumed that the counterions
form a “cloud” around the J-aggre-
gate, and thus reduce the electrostatic

Figure 29. Structures of an a) imidazolyl-zinc porphyrin dimer, b) poly-
mer, and c) macrocycle, as representative examples for architectures
constructed by the Kobuke research group.[122]

Figure 30. Two ionic forms of TPPS4 in aqueous solution: deprotonated (free-base) form 44a and
protonated (diacid) form 44b.
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repulsion between the divalent porphyrin anions 44b.[127]

Upon aggregation, the fluorescence quantum yield and the
fluorescence lifetime are reduced from 27 % and 4.0 ns,
respectively, in the absence of a salt, to 17% and 3.0 ns in the
presence of NaCl.[126a]

Linear dichroism (LD) spectroscopic studies of 44b
aggregates revealed that the characteristic transitions,
denoted by the J-bands at 491 and 707 nm, originate from
oscillations that are polarized along the long axis of the
rodlike aggregate.[126a] The addition of l-tartaric acid or a
mechanical swirling flow in the period of aggregate growth
resulted in induction of circular dichroism, as observed by CD
spectroscopic studies.[126a, 128] It is assumed that the monomers
are arranged in the aggregate in a slipped face-to-face
stacking arrangement, thereby forming planar, linear J-type
assemblies, as shown in Figure 32 b,c. Such achiral structures
are easily transformed into helical assemblies by external
driving forces such as chiral counterions or vortices because of
the lack of directionality between the ion pair contacts
(Figure 32 d).

In a resonance light scattering (RLS) study the width of
the J-band (which relates to the exciton delocalization length)
and size of the TPPS4 J-aggregates were found to be
controllable by the concentration of ammonium ions.[129]

The highest spectroscopic aggregation number—a coherence
length of 12.9 molecules—obtained from the width of the
490 nm band was realized for an aggregate with a hydro-
dynamic radius of 56 nm. A similar exciton delocalization
over about 10 molecules was estimated for the narrow high-
energy J-band at 490 nm by ultrafast transient absorption and
fluorescence spectroscopy.[130] However, as revealed by this
study, the exciton becomes rapidly localized on only one to
two molecules after its relaxation to the lowest exciton J-band
at 707 nm, where propagation is only possible in a non-
coherent way. These results are in reasonable agreement with
expectations based on simple line-width analysis for these two
J-bands. The same two-band Frenkel exciton system has been
subjected to sub-5 fs spectroscopy, which revealed their
coupling to a coherent molecular vibration and explained
the unusually intense J-band at 707 nm by a dynamic intensity
borrowing from the intense B-transition to the weak Q-

transition through a ruffling mode with a frequency of
244 cm�1.[131]

Porphyrin nanorods could be observed by AFM upon
deposition of aggregates of the diacid form of TPPS4 onto
substrates such as mica.[132] The individual rods exhibit a
diameter of 3.8 nm and lengths of 0.77–20 mm (Figure 33).
The remarkably straight nanorods with a well-defined height
are also observed to form larger structures with the same
height. UV/Vis spectroscopy and dynamic light scattering
(DLS) measurements have shown that the aggregates were
already formed in solution, and not during deposition onto
the surface of the substrate.

Figure 31. UV/Vis absorption spectra of TPPS4 at a constant concen-
tration of 7.2 � 10�6

m in acidic aqueous solution. The arrows indicate
the changes upon addition of NaClO4, which leads to the formation of
J-aggregates. Reproduced from Ref. [126a] with permission. Copyright
(1993) American Institute of Physics.

Figure 32. Proposed model of the J-aggregate of protonated TPPS4

which forms a supramolecular chain. a) Schematic representation of
TPPS4; b) side view of the chain, illustrating the angles between the
chain alignment and the porphyrin plane are 15–208 ; c) top view of the
achiral chain and d) M and P conformers of a chiral chain arising from
stirring. Reproduced from Ref. [128b] with permission.

Figure 33. AFM images from aqueous solutions of TPPS4 (5 � 10�3
m)

containing 3 � 10�4
m HCl adsorbed onto mica. a,b) Single rods and

b) larger structures composed of those single rods. Reproduced from
Ref. [132] with permission. Copyright (2003) American Chemical
Society.
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In 2008, amphiphilic derivatives of TPPS4 were also
reported to self-assemble into J-aggregates.[133] In these
derivatives, one of the four sulfonic acid groups in TPPS4 is
replaced by a methoxy, octyloxy, or octadecyloxy chain as the
hydrophobic site. For the octyloxy derivative 45, a regular
leaflike structure was observed by AFM, which corroborates
the results obtained by absorption and DLS measurements.
The proposed bilayer structure, in which the hydrophobic
alkoxy groups are oriented inside the bilayer and interdigi-
tated with each other while the hydrophilic porphyrin
moieties are exposed outside, is shown in Figure 34.

Further examples of J-aggregates of synthetic porphyrins
are the heteroaggregates of Shellnut and co-workers com-
posed of the divalent anionic diacid form of 44b and the
respective cationic protonated tetrapyridyl derivative 46,
which was found to form hollow porphyrin nanotubes upon
aggregation (Figure 35),[134] and a dendronized porphyrin of
Aida et al. that forms J-type aarrangements (Figure 36).[135]

The latter contains two bulky dendron groups and two
carboxylic acid groups as well as a central zinc ion (Fig-
ure 36a,b). This zinc porphyrin was found to initially form
linear chains by hydrogen bonding with either a short and
oblique or long and non-oblique slip of the monomers, which
further assemble into a 2D J-aggregate that can be trans-
formed into a chiral assembly by spin coating.[135]

Similar to most porphyrins, phthalocyanines typically self-
assemble into H-aggregates in solution because the slipping
angle resulting from the equilibration of dispersion and
electrostatic interactions clearly favors sandwich face-to-face
contacts with strongly overlapping p surfaces rather than the
more slipped arrangements required for J-type coupling.[136]

Accordingly, only a few examples of phthalocyanine J-
aggregates have been reported, and in most cases these
aggregates are assisted by the complexation of a metal ion.[137]

An anomalously broad and strongly red-shifted Q-band

(lmax = 870 nm) was observed for an antimony(III)–phthalo-
cyanine complex upon aggregation in dichloromethane, thus
indicating a J-type coupling of the transition dipole moments
in the assembly. A structurally better characterized example
of a phthalocyanine J-dimer was reported by Kobuke and co-
workers, again through the appropriate positioning of imid-
azole ligands, which control the displacement of the two
phthalocyanine dyes within a dimer aggregate (Fig-
ure 37).[138a] The J-type coupling in this dimer is supported
by a small bathochromic shift of the Qy-band and high
fluorescence yields of up to 76%. A related zinc ion mediated
J-type dimer of phenoxy-substituted phthalocyanines has
been achieved by coordinating oxygen ligands.[138b] Similar to
their natural BChl c counterparts and zinc chlorins 42, the
addition of coordinating solvents such as methanol caused
dissociation of these dimers, which implies that the absence of
coordinating solvents is essential for J-aggregation of these
dyes.

Slipped p–p-stacking arrangements with bathochromi-
cally shifted J-bands are also of crucial importance in the
major application of phthalocyanine chromophores as solid-
state materials, that is, as color and functional pigments.[139]

Among the many know metal complexes of phthalocyanines,
the blue copper complexes (CuPc) are the most important
ones and are manufactured on a large scale. Depending on
their packing arrangements in the solid state, different
polymorphs are formed that are able to satisfy different
coloristic needs. A polymorph named as the b modification is

Figure 34. Structure of the octyloxy derivative of TPPS4 45 (left) and
the proposed bilayer model for the porphyrin J-aggregate with a
thickness of 4.9 nm (right). Reproduced from reference [133] with
permission. Copyright (2008) American Chemical Society.

Figure 35. Structure of the tetrakispyridyl derivative 46 (X, X’= Cl� ,
OH� , H2O) and TEM image of the porphyrin nanotubes formed by the
co-self-assembly with anionic porphyrin 44b. Inset: Tube trapped in a
vertical orientation by a thick mat of tubes. Reprinted from Ref. [134]
with permission. Copyright (2004) American Chemical Society.
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the thermodynamically most stable one, and is able to provide
the cleanest shades of turquoise blue, as required for the cyan
ink in three- and four-color printing. Whilst the basic
absorption properties of the monomeric CuPc—that is, a
sharp and intense absorption band at 678 nm (Q-band)—are a
promising starting point for achieving a pure cyan hue, it is the
broadening and bathochromic shift of the absorption band in
the aggregate that makes this pigment an outstanding cyan
colorant (marketed as a pigment with color index C. I.
Pigment Blue 15:3). Both effects can be related to the
excitonic coupling of the monomeric dyes in the crystal,

where a major effect (bathochromic shift) arises from the
coupling between adjacent dyes within the one-dimensional
p stacks (Figure 38a) and minor effects (band broadening)
arise from the coupling to more distant dyes that are located
in the neighboring p stacks (Figure 38 b). Different coloristic
properties are accessible from the same dye molecule as a
consequence of the different packing of the CuPc monomers
in other polymorphs (Figure 38 a). Thus, the a and the
e modifications exhibit a more reddish blue hue, which is
desirable for automotive finishes in both solid and metallic
shades (a-CuPc) and for blue color filters of liquid-crystal
displays (e-CuPc).

Another phthalocyanine pigment, titanylphthalocyanine
(TiOPc), has evolved to be the most applied photoconductor
for laser printers.[140] For this application, J-type excitonic
coupling is crucial for enabling an efficient transportation of
excitons to the interface and a proper adjustment of the
absorption band to the wavelength of commercial NIR laser
diodes (750–850 nm). The central Ti=O unit is responsible for
the strong displacement of the chromophores in the solid
state, as has been observed for several polymorphs of TiOPc
(Figure 39).[141] A particularly pronounced band broadening
and bathochromic shift of the originally very narrow absorp-
tion band of TiOPc monomers in solution (at ca. 700 nm)
enabled the commercial application of the solid-state poly-
morph Y-TiOPc (absorption band from 600 to 900 nm with a
maximum at ca. 800 nm).[142] It is noteworthy that this
structural arrangement of the dyes and its effect on the
absorption properties are both reminiscent of photosynthetic

Figure 36. a,b) Structures of the J-aggregates of a dendron (DRN)
functionalized zinc porphyrin with a) short, oblique slip and b) long,
non-oblique slip. Reproduced from Ref. [135] with permission.

Figure 37. Dimers of imidazolyl-metallophthalocyanines with J-type
coupling developed by Kobuke and co-workers.[138a]

Figure 38. a) Packing of CuPc molecules in the p stacks of a, b, and
e polymorphs according to single-crystal structure analyses. The dis-
placement vector is shown in red and the color of the pigment is
indicated by the upper phthalocyanine molecule. b) Arrangement of
the planar and almost square phthalocyanine molecules in one-dimen-
sional stacks (similar to rolls of coins) in the a and b modifications.
Note that the different angles between the staple axis and the
molecular plane lead to a different displacement and coupling between
the transition dipole moments.
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(bacterio)chlorophyll pigments in purple and green bacterial
light-harvesting systems. The structural details of these
natural LH systems were, however, unknown at the time
when TiOPc photoconductors were developed.

5. Perylene Bisimide Dyes

As a consequence of their outstanding optical properties,
in particular exceptional fluorescence with quantum yields up
to unity, perylene bisimide (PBI)[143] dyes are a highly
interesting class of chromophores for J-aggregates with
promising functional properties. Similar to phthalocyanines,
the major application of PBI dyes is as high-performance
color pigments with shades ranging from red to violet,
maroon and black,[139] which is again attributable to the
arrangement of the molecules in the crystal and the resulting
excitonic coupling. Remarkably, despite their outstanding
fluorescence properties in solution, no fluorescence is typi-
cally observed for theses dyes in the solid state. The reason for
this might be attributed to the packing arrangement in the
pigments, which is mostly of H-type character.[143, 144] Never-
theless, strongly emitting microcrystalline powders of PBI
dyes are accessible, as shown in Figure 40.[145] For dye 47d
with the bulky tert-butylphenoxy bay substituents, a high

solid-state fluorescence quantum yield of 70 % was measured,
which might be rationalized by the fact that these substituents
prohibit the formation of close p–p contacts (with H-type
coupling). However, quite intense fluorescence was also
observed for the sterically less demanding chlorine-function-
alized PBI (47c) and even for the core-unsubstituted dyes
47a,b[146] (solid-state quantum yield of 40% for both 47 b and
47c).[145]

In solution, perylene bisimides without bay substituents
prefer to aggregate in columnar stacks whose major absorp-
tion band is hypsochromically shifted, thus indicating pre-
dominant H-type excitonic coupling.[147] However, as a
consequence of a rotational displacement between neighbor-
ing dyes, the optical transition into the lower energy exciton
state becomes allowed,[27] as evidenced by a second absorp-
tion band at longer wavelength. The particular arrangement
and the concomitant photophysical properties of the aggre-
gates are strongly dependent on the imide substituents. For
PBIs bearing electronically active rather innocent trialkyl-
phenyl substituents, a relatively long-lived excited state with
an appreciably high fluorescence quantum yield of 47 % has
been reported,[147] which was attributed to the relaxation of
the exciton into an excimer.[148]

In 2001, W�rthner et al. reported perylene bisimide dye
aggregates that exhibit predominant J-type character.[149,150]

Such J-aggregating PBIs, for example, 48 a, have 3,4,5-
tridodecyloxyphenyl substituents at the imide N atoms and

Figure 39. Packing of TiOPc molecules in the Y-polymorph of the
charge-generating layers of xerographic photoreceptors; green C,
blue N, red O, gray Ti. This Figure was made available by P. Erk (BASF
SE), as a courtesy.

Figure 40. Left: Structures of PBI dyes 47a–d that strongly fluoresce in
the solid state. Right: Photographs of fluorescent powders of 47c (in a
glass vial) and other PBI pigments 47a,b,d (upon illumination with UV
light at 366 nm).[145]

Figure 41. a) Structures of PBIs 48a,b that form aggregates with J-type
character. b) Concentration-dependent UV/Vis absorption spectra of
48a in methylcyclohexane (MCH). The arrows indicate the changes in
the spectra with increasing concentration. The dotted lines represent
spectra for the free and the aggregated chromophores, calculated from
the respective data set. Reproduced from Ref. [149] with permission.
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aryloxy substituents in the four bay positions (Figure 41). A
rather broad but red-shifted absorption band was observed
upon self-assembly in low-polarity solvents. Although this
red-shift indicates the presence of slipped chromophores, the
broadness of the absorption band and the rather large Stokes
shift might be taken as an indication of a less ideal system that
is influenced by disorder and phonon coupling[151] caused by
the bulky aryloxy substituents. In addition, the fluorescence
of these compounds was quenched both in the monomeric
(FFl = 21 %) and the aggregated state as a result of a
photoinduced electron transfer from the electron-rich trial-
koxyphenyl substituents to the electron-poor perylene bisi-
mide.[152] For this reason, PBI 48 b was synthesized and
revealed significantly improved fluorescence properties
(FFl = 95 %) while maintaining the J-type character of the
aggregates.[153] The presence of dimeric aggregate species in
0.001–0.01m solutions of PBI dye 48 b was confirmed by vapor
pressure osmometry. Notably, a whole series of trialkyl- and
trialkyloxyphenyl-substituted PBIs were shown to exhibit
columnar liquid-crystalline mesophases over a broad temper-
ature range.[153]

Structurally related PBI derivative 49 a, which contains
hydrogen atoms instead of trialkyoxyphenyl groups in the
imide positions (Figure 42a), formed J-aggregates with very
characteristic optical properties, which are comparable to
those of the well-studied classical cyanine J-aggregates, and
thus represent the first genuine J-aggregating PBI.[154] UV/Vis
and fluorescence spectroscopic studies on 49 a in the nonpolar
solvent methylcyclohexane revealed the reversible formation
of these J-aggregates (Figure 42b,c) and the strong narrowing
of the red-shifted absorption band from a full-width-at-half-
maximum (fwhm) value of 2393 cm�1 down to 885 cm�1. In
addition, a narrowing of the fluorescence band from
1660 cm�1 to 878 cm�1 was observed, and a concomitant
increase in the fluorescence quantum yield from 93% to
96%. As expected for J-type-coupled chromophores with a
significantly enhanced transition dipole for the S0!S1 tran-
sition, the fluorescence lifetime is decreased for the aggregate
(2.6 ns) compared to that of the monomer (6.8 ns).[154]

This J-type aggregation of functional perylene bisimide
chromophores could be achieved by the design of monomeric
building blocks that encode the desired slipped face-to-face
arrangement by the mutual effects of hydrogen bonding and
p–p interaction, while preventing aggregation into columnar
stacks because of their twisted p-conjugated core and steri-
cally demanding substituents in the bay area. The proposed
model for the formation of aggregates is shown in Figure 43.
In-depth investigations on the series of PBIs 49a–c (Fig-
ure 42a) revealed the formation of a dimeric nucleus (Fig-
ure 43c) prior to elongation into double-string cablelike J-
aggregates (Figure 43 d), with the monomers aligned with
translational offset (Figure 43e).[154b] This cooperative nucle-
ation–elongation mechanism is in contrast to the isodesmic
(or equal K) model, which was used previously to described
the aggregation process for common assemblies of PBIs.
Equilibrium constants for dimerization (= nucleation, Fig-
ure 43c) of K2 = (13� 11)m�1 and for elongation of K = (2.3�
0.1) � 106

m
�1 in methylcyclohexane (MCH) were obtained by

applying the nucleation–elongation model to concentration-

dependent absorption studies. Accordingly, for this system,
dimeric species should not show up in significant quantities as,
for example, observed for the PIC dye. Instead, an instanta-
neous growth into extended nanofibers will occur at a critical
temperature and concentration. Furthermore, the nonlinear-
ity of chiral amplification in PBI heteroaggregates composed
of achiral and chiral PBIs 49b and 49c, respectively, directed
by the sergeants-and-soldiers principle was demonstrated by
CD spectroscopy.[154b, 155]

Very recently, exciton transport along these J-aggregates
has been studied by spectroscopy at low temperatures (from
300–5 K)[156] and by single-molecule spectroscopy.[157] For
individual PBI J-aggregates, fluorescence blinking corre-
sponding to the collective quenching of up to 100 PBI
monomers has been observed, which could be related to an
exciton diffusion length of up to 70 nm in these aggregates at

Figure 42. a) Structures of PBI dyes 49 a–c. b) Temperature-dependent
UV/Vis spectra of 49 a in MCH (1.5 � 10�5

m) at 20–90 8C. The arrows
indicate the changes in the spectra with increasing temperature. Inset:
changes in the absorption at 642 nm (&) and 553 nm (~). c) Temper-
ature-dependent fluorescence spectra of 49 a in MCH (6 � 10�7

m,
lex = 476 nm) at 15–508C; the arrows indicate the changes in the
spectra with increasing temperature. b,c) Reproduced from Ref. [154a]
with permission.
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room temperature. These values already approach the highest
reported singlet exciton diffusion lengths for organic crystals,
for example, 100 nm in diindenoperylene.[158] Recently, the
supramolecular strategy for PBI displacement by means of
core twisting and hydrogen bonding was applied to the crystal
engineering of solid-state materials to afford organic thin-film
transistors with exceptional n-type charge-transport proper-
ties under ambient conditions.[159]

Core-unsubstituted PBI derivatives 50 (Scheme 13) with
amide functionalities, and with trialkoxyphenyl groups at the

imide positions, were shown to
form aggregates that exhibit either
H- or J-type absorption spectra
depending on the peripheral
alkoxy chains.[160,161] These amide-
functionalized PBIs form long
fibers by hydrogen-bond-assisted
self-assembly that are able to
immobilize a broad variety of sol-
vents to give organogels. Remark-
ably, whilst the PBI derivative 50 a
with simple n-alkyl chains at the
periphery forms red-colored H-
type aggregates, as expected for
core-unsubstituted PBIs, aggre-
gates of dye 50 b bearing chiral,
branched alkyl chains exhibit a
strongly bathochromically shifted
broad J-band in solution
(Figure 44) as well as in the organo-
gel state. The aggregates of 50 b are
almost black and possess an even
more pronounced gelation ability
than the aggregates of 50 a. This
feature has been exploited for the
gelation of p-type semiconducting
polymers.[162] It is indeed very intri-
guing that the aggregation mode
(that is, H- or J-type) of PBI
chromophores could be altered by
a subtle variation of the peripheral
substituents. A broad series of
structurally related PBIs with dif-
ferent alkyl chains at the periphery
have been investigated to explore
in detail the effects of peripheral

substituents on the gelation capability and self-assembly
properties.[163] These studies revealed that the steric nature of
the peripheral side chains dictates the type of self-assembly of
these core-unsubstituted PBI dyes. Derivatives bearing linear
alkyl chains (less steric demand) form H-type assemblies,
while J-type assemblies prevail for dyes containing branched

Figure 43. Schematic illustration of the self-assembly of the perylene bisimide dyes 49 into J-
aggregates. a) Structure of 49 (substituents R are defined in Figure 42a) and b) graphical representa-
tion of the monomer. c) Schematic representation of the p-stacked dimeric nucleus and d) that of an
extended hydrogen-bonded J-aggregate of 49. Red (and orange) twisted blocks represent the perylene
bisimide cores (in the adjacent chain), gray cones with a blue apex represent the bay substituents,
and green lines represent hydrogen bonds. The dyes 49 self-assemble in a helical fashion, as shown
in the magnification (substituents are omitted and only the left-handed helical structure is shown for
simplicity). e) The magnification shows the side view of the J-type arrangement of the perylene
bisimide core units in a double-string cable. Reprinted from Ref. [154b] with permission. Copyright
(2009) American Chemical Society.

Scheme 13. Structure of PBIs 50 that form organogels with H- or J-type
character.

Figure 44. Solvent-dependent UV/Vis absorption spectra of chiral PBI
50b in MCH/CHCl3 solvent mixtures of 50:50 to 80:20 at a constant
concentration of 10�5

m. The arrows indicate changes in the spectra
with increasing amounts of nonpolar MCH. Modified from Ref. [161].
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alkyl chains (high steric demand). Simplified packing models
proposed for the J-type and H-type assemblies of these PBIs
are illustrated in Figure 45. It is interesting to note that
alteration of the chromophore 50 a by introducing tert-
butylphenoxy substituents at all four bay positions afforded
a PBI organogelator that forms lyotropic mesophases and
shows a rather sharp J-type absorption band with a high
fluorescence quantum yield.[164]

A few more examples of PBI aggregates with J-type
character have been reported that exhibit in general rather
broad J-bands (comparable to those of PBI 48 a ;
Figure 41).[165] Not only homoaggregates of PBI chromo-
phores, but also heteroaggregates consisting of PBI and other
p systems, for example, melamine derivatives, have been
reported.[166] A triple hydrogen-bonding motif from perylene
bisimide to the melamine derivative (ADA–DAD; A =

acceptor and D = donor) together with p–p interactions of
the adjacent PBIs led to the formation of extended fluores-
cent PBI–melamine networks.[166] The long alkyl chains of the
melamine facilitate the solubility of the assemblies, and the
van der Waals interactions between the aliphatic chains
further stabilize the network. Absorption spectroscopy
revealed a small bathochromic shift of the J-band, which is
assumed to originate from a slightly slipped arrangement of
the chromophores.

Well-ordered J-type aggregates were formed by the self-
assembly of hydrogen-bonded and covalent donor–acceptor–
donor arrays of bay-substituted PBIs as acceptors and
oligo(p-phenylene vinylene)s (OPVs) with chiral side chains
as donors. Concentration- and temperature-dependent

absorption spectroscopy revealed a bathochromic shift of
the PBI bands of these aggregates compared to that of the
respective PBI monomer.[167] Further investigations by circu-
lar dichroism, photoluminescence, and femtosecond pump-
probe spectroscopy revealed the formation of chiral arrange-
ments, in which the PBI monomers are arranged in a slipped
J-type arrangement (similar to the “green” J-aggregates;
Figure 45), and ultrafast photoinduced charge transfer from
the OPVs to the PBIs.[167b,d] Recently, a related system was
reported where the OPV was replaced by azobenzenes.[168] A
unique example of a melamine-functionalized, core-unsub-
stituted PBI that self-assembles upon additon of 0.5 equiv-
alents of ditopic cyanurate into H-type dimers was reported
by Yagai et al. Interestingly, the addition of 1 equivalent of
cyanurate transforms the H-dimers into J-type aggregates
with a strongly red-shifted absorption band (> 100 nm)
compared to that of the monomeric PBI.[169] Such a concept
for the control of H- and J-type aggregation indeed has the
potential to generate responsive J-type aggregates for fluo-
rescence sensors.

6. Summary and Outlook

Strong excitonic coupling between fluorescent dyes that
are significantly slipped with respect to each other yields the
characteristic and desired features of J-aggregates, such as a
narrow absorption band that is bathochromically shifted
relative to the monomer band, high fluorescence intensity
with small Stokes shift, and exceptional exciton transport

Figure 45. Left: Schematic representation of PBI chromophores 50 with linear (top) and branched (bottom) alkyl substituents. Middle: The
transition from H- (top) to J-type (bottom) p stacking with increasing steric demand of the peripheral alkyl side chains. Right: Proposed packing
model for H- (top) and J-type (bottom) p stacking. In both cases, additional rotational offsets are needed to enable both close p–p contact and
hydrogen bonding. Reprinted from Ref. [163] with permission.
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capability. In this Review, we have given an overview of the
major classes of colorants that have been demonstrated to
form J-aggregates. A prime goal of this Review was to
illustrate supramolecular principles that govern the trans-
formation from the more often encountered sandwich-type
face-to-face stacking[88a] with H-type coupling to highly
slipped dye arrangements with J-type coupling. In the case
of perylene bisimide (PBI) dyes, the distortion of the dyes�
p system in combination with directional hydrogen bonds is a
successful approach for the noncovalent synthesis of double-
string J-aggregates with unprecedented fluorescence quan-
tum yields. For merocyanine and phthalocyanine dyes, steri-
cally demanding substituents provide the repulsive forces for
displacement of the chromophore in the solid state, which is
required for efficient photoconductive and photovoltaic
layers. For chlorin and porphyrin dyes, metallosupramolecu-
lar coordination to the central metal ion was discussed as a
highly suitable strategy to afford a slipped dye stack with J-
type coupling. This strategy is biomimetic in the sense that
this supramolecular motif is found ubiquitously in light-
harvesting complexes of photosynthetic bacteria, where it
results in absorption bands above 700 nm and even above
800 nm for naturally abundant chlorophyll and bacteriochlor-
ophyll chromophores, respectively.

It needs, however, to be emphasized that these examples
of supramolecular and crystal engineering are still rather
special examples, while the largest class of known J-aggre-
gates is still based on serendipitously discovered cyanine dye
aggregates. Since several reviews on J-aggregates of cyanine
dyes are available, we have neither featured all the cyanine
dyes that form J-aggregates in this article nor discussed all of
the important photophysical studies on those, but have
focused on archetype examples such as the historically most
significant pseudoisocyanines (PIC) and the recently most
intensively investigated derivatives of benzothiazol- and
benzoimidazol-based trimethine dyes. The latter also played
an important role as photosensitizers in silver halide photog-
raphy,[5] and were thus the first supramolecular dye systems
with widespread technological applications. A superb ability
to adsorb onto colloidal silver halides (AgX) together with
the absorption of visible light in a very narrow spectral range
and efficient energy transfer to AgX particles was mandatory
for applications in the photographic process. From a supra-
molecular perspective, it is remarkable that the exact
aggregate structure of the first J-aggregate, that is, PIC
aggregate, is still a matter of debate 75 years after its
discovery, and will remain a topic of future research.

Even more remarkable from a functional point of view
than the cyanine J-aggregates, are those of the natural
bacteriochlorophylls c, d, e in the chlorosomes of green
bacteria, which constitute the most efficient light-harvesting
system found in nature. As a consequence of the unique
metallosupramolecular interaction between the hydroxy
functionality and the magnesium ion of BChl c, d, e, an
ideal displacement of the p-stacked dyes is accomplished to
ensure absorption of light in the NIR spectral region and
rapid exciton transport—requirements that are needed to
catch and utilize the few traces of stray light in extreme
habitats such as the depths of ponds or the ocean.[170] The

absence of proteins in chlorosomal light-harvesting com-
plexes ensures the highest possible pigment density among all
the natural photosynthetic apparatus and offers the oppor-
tunity to reconstruct these light-harvesting antenna from
BChl c, d or their semisynthetic analogues in the laboratory
by self-assembly in aqueous or even in organic media.

In recent years, dye assemblies with J-type coupling have
received considerable attention in two major fields of
research: biomolecular science and organic solid-state sci-
ence. For biomolecular science, water solubility is of rele-
vance and thus it is not surprising that cationic cyanine dye
aggregates were the dyes of choice for the development of
novel fluorescent and colorimetric sensing schemes, for
example, by the connection of cyanine dyes to peptides or
by DNA-templated J-aggregation. The strong absorption of
light and efficient exciton transport to analyte traps provide
these dye aggregates with an ultrahigh sensitivity. The same
virtues of these J-aggregates may serve for artificial photo-
synthesis, if trap sites with appropriate photocatalytic proper-
ties become accessible. The recently observed photoinduced
reductions of noble metal ions to metal nanoparticles on
tubular J-aggregates[171] and the generation of molecular
hydrogen by water cleavage with the help of pseudoisocya-
nine aggregates, viologen electron acceptors, and EDTA as a
sacrificial agent[172] are the first steps in this direction.

The beneficial properties that arise from J-type brickwork
arrangements of the dye molecules in organic solid-state
materials have been well recognized, not only for exciton
transport but also for hole or electron transport. This is
because brickwork arrangements provide not only J-type
excitonic coupling with high exciton transfer rates but also
two-dimensional percolation pathways for hole and electron
charge carriers. For applications of organic semiconductors in
thin-film devices, such as in organic field effect transistors,
such 2D transport pathways eliminate the severe alignment
problems encountered with columnar one-dimensional
p stacks.[173] Notably, 2D percolation pathways may also
help to reduce the serious problems of charge or exciton
trapping in organic semiconductors because a trap site
consisting of an impurity or a degraded molecule is not
necessarily an insurmountable barrier as in 1D transport
systems. From this perspective, it appears quite logical that
the natural light-harvesting antennae in chlorosomes contain
the quite sensitive bacteriochlorophyll dyes in two-dimen-
sional cylindrical or lamellar arrangements.

Beyond these two fields of application, we see a bright
future for J-aggregates in many areas of nanophotonics.
Accordingly, J-aggregates could operate in molecular plas-
monic devices,[174] where they would feed nanostructures with
absorbed light energy or serve as self-assembled optical
microcavities.[175] Strong coupling between J-aggregate and
microcavity states has already been demonstrated by embed-
ding J-aggregates in an organic light-emitting microcavity
device, which is an important step towards polariton lasers or
other cavity quantum electrodynamical (QED) devices.[176]

Bright prospects for the application of J-aggregates in high-
speed optical switching, optical computing, and quantum
computing[177] are, therefore, highly justified.
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