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Traditionally, dye aggregates are classified as H- and J-type on
the basis of the observed spectral shift of the absorption
maximum relative to the respective monomer absorption

band (hypsochromic for H-type and bathochromic for J-
type).[1–3] Many J-aggregates exhibit fluorescence, and their
fluorescence quantum yield quite often surpasses that of the
monomeric dyes.[4] In contrast, it is well documented that the
fluorescence of H-aggregates is strongly quenched. This
behavior was already observed a long time ago for a large
number of dimer aggregates of classical fluorophores, includ-
ing fluorescein, eosin, thionine, methylene blue, and certain
cyanine dyes, and the non-emissive character of the excited
state became commonly accepted as a general feature of H-
aggregates.[5,6]

Theoretical interpretation by F+rster (coupled oscillator
model) and Kasha (exciton theory) could plausibly explain
the nonfluorescent nature of dimeric as well as extended H-
type aggregates.[2,7] Two exciton states arise in the case of
face-to-face-stacked dimer aggregates, but only the transition
to the higher energy exciton state is allowed, and can be
observed in the UV/Vis absorption spectrum as a blue-shifted
band. Subsequent rapid internal conversion of this excited
state into the lower energy exciton state quenches the
fluorescence as a result of the decreasing transition proba-
bility for a radiative process from this state to the ground
state. Only a few exceptions to this rule have been reported,
mostly either under special conditions such as at low temper-
ature in frozen solution[8] or for dye aggregates embedded in
Langmuir–Blodgett layers.[9] Other more recent examples
include tethered mero- and hemicyanine chromophores
which can fold into fluorescent H-type aggregates.[10] In
these cases, however, the UV/Vis absorption spectra are
typically quite different from those of conventional cyanine
dye sandwich dimers.

Herein, we report an example of a fluorescent H-
aggregate composed of two face-to-face-stacked merocyanine
dyes. The observation of fluorescence for this dye aggregate is
particularly remarkable because its absorption properties
match perfectly those of classical H-type dimer aggregates,[6,8]

that is, they show a pronounced hypsochromic shift. Accord-
ing to our earlier studies, dimerization of such strongly dipolar
merocyanine dyes is driven by electrostatic interactions that
can be related to the magnitude of their dipole moments, that
is, the Gibbs binding energy DGo is proportional to the square
of the ground-state dipole moment mg of the dye.[11] As a
consequence, these dimer aggregates exhibit a high thermo-
dynamic stability in solvents of low polarity and a well-
defined centrosymmetric geometry (Scheme 1).[11,12] These
two aspects are advantageous attributes for the current study;
ionic cyanine dyes, in contrast, exhibit less predictable
aggregate structures and aggregation free enthalpies.
Although several of our merocyanine dyes, for example,
dyes 1–3 were found to form fluorescent dimers,[13] we will
focus our attention on merocyanine dye 2, whose high
solubility enabled concentration-dependent investigations
even in low-polarity solvents.[14] Furthermore, as a result of
the very high dipole moment of this chromophore, significant
amounts of dimer aggregates are already formed under the
dilute conditions required for fluorescence spectroscopy.

Figure 1 shows the concentration-dependent UV/Vis
absorption spectra recorded in dioxane at concentrations
between 0.8 > 10�6 and 5.5 > 10�6 molL�1. The observed
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spectral changes and the well-defined isosbestic points at
19300 cm�1 and 16050 cm�1 provide good evidence for an
equilibrium between monomeric and dimeric species
(Scheme 1) and allow us to calculate the binding constant
(K298

D = 108000 Lmol�1) as well as the spectra for the pure
monomer and dimer (Figure 1, bottom).[15] It is noteworthy
that in addition to the very intense hypsochromically shifted
absorption band (emax= 20800 m2mol�1) for the dimer, a weak
band (emax= 480 m2mol�1) appears at longer wavelength
which can be ascribed to the forbidden transition to the
lower energy exciton state.

Much to our surprise, an increase in the fluorescence
intensity could be observed for solutions of dye 2 upon
increasing the concentration, thus suggesting the existence of
fluorescent aggregates of the merocyanine dimer. Fluores-
cence spectra were recorded at excitation wavelengths
between 400 and 650 nm in a matrix scan experiment.
Figure 2 shows the recorded emission intensities which clearly

confirm that the emission arises predominantly from the
dimeric species. The strongest emission (black) is observed
upon excitation of the dimer at about 480 nm. The pro-
nounced hypsochromic shift of the UV/Vis absorption
spectrum upon formation of the dimer aggregate enabled
the monomeric and the dimeric species to be excited
selectively and their fluorescence spectra to be recorded
(Figure 3).

The absorption and fluorescence spectra of the mono-
meric dye exhibit no special features. Thus, they are close to
mirror images, with a Stokes shift of 780 cm�1 between the
absorption maximum at ñmax,abs= 17520 cm�1 and the fluores-
cence maximum at ñmax, fl= 16740 cm�1. The full width at half
maxima (FWHM) values for the absorption band and the
fluorescence band were 1360 cm�1 and 1810 cm�1, respec-
tively.[16] The broader fluorescence band can be attributed to
solvent-dependent influences on the vibronic progression. We
have observed such a behavior for many betain-type mero-

Scheme 1. Highly dipolar merocyanines 1–3 and formation of their
dimer aggregates driven by dipole–dipole interactions.

Figure 1. Top: UV/Vis absorption spectra of merocyanine 2 in dioxane
at concentrations between 0.8G10�6 (dashed line) and
5.5G10�6 molL�1 (dotted line) at 298 K. Arrows indicate the changes
upon increasing the concentration. Bottom: UV/Vis absorption spectra
for the monomer and dimer of merocyanine 2 calculated from the
concentration-dependent spectra.

Figure 2. Contour map of the observed fluorescence intensity as a
function of the fluorescence excitation lexc and emission wavelength
lem (“matrix scan”) for merocyanine 2 in dioxane at 298 K. Darker
shades represent higher intensity.
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cyanine dyes such as 2 which exhibit a more polar ground
state than excited state, as well as negative solvatochromism.

In contrast, the spectra of the dimer were more unusual.
First, whilst the absorption spectra of dimer aggregates are
typically much broader than those of their monomers, we note
a narrowing of the dimer absorption band at ñmax,abs=

20330 cm�1 for merocyanine dye 2 (FWHM= 1160 cm�1).
Second, the fluorescence band is observed at a rather long
wavelength, that is, ñmax, fl= 14350 cm�1 (FWHM=

2180 cm�1). Most remarkably, the same fluorescence spec-
trum could be recorded upon excitation of the dimer
aggregate at the tail of its weak low-energy absorption band
(Figure 3). This observation provides unequivocal evidence
that the dimer emission originates from the lower exciton
state of the aggregated dimeric species. These observations by
steady-state fluorescence spectroscopy were further substan-
tiated by time-resolved fluorescence measurements, which
showed two independent fluorescence lifetimes, a short one of
0.5 ns for the monomeric and a longer one of 4.4 ns for the
dimeric species.[16]

These results confirm that a unique example of a
fluorescent merocyanine H-type dimer aggregate is provided.

Although our present observation seems to contradict the
common perception that H-aggregates are not fluorescent, it
complies with the exciton coupling theory.[2, 3] Accordingly,
the presence of the small but detectable absorption band at
16780 cm�1 results in a nonvanishing transition probability
between the ground and the lowest exciton state from which a
weak fluorescence arises. This weak band may emanate from
vibronic coupling or a small rotational twist between the two
chromophores. Indeed, the latter interpretation is in accord-
ance with our earlier electrooptical absorption (EOA) studies
that revealed a small ground-state dipole moment for these
dimer aggregates.[12,17] On the other hand, X-ray crystallo-
graphic data[11] as well as the optimized dimer geometry
according to MP2/6-31G(d,p) calculations[18] show a perfectly
centrosymmetric dimeric unit as the energetically preferred
geometry (Figure 4).

From the spectral deconvolution provided in Figure 3 we
can calculate the transition dipole moments between the
ground state and the allowed and forbidden exciton states
mD
ag= 59.4 > 10�30 C m and mD2

ag = 5.2 > 10�30 C m. From these
transition dipole moments, the transition dipole moment of
the monomer mag

M= 43.6 > 10�30 C m, and the energy difference
VAB= hc(~nn

ag
D�~nnagD2)=hcD~nn

ag
D�D2 between the two exciton states

we can now obtain the angles q= 59.98 and a= 10.08 from
Equations (1) and (2).[2, 19]

mD2
ag

mD
ag

¼ ð1�cosaÞ
ð1þ cosaÞ ¼ tan2

�
a

2

�
ð1Þ

VAB ¼ 2
4pe0

ðmM
agÞ2

R3 ðcosa�3 cos2qÞðsin3qÞ ð2Þ

If we consider the well-known deficiencies of the point
dipole approximation,[3] the excellent agreement of these

Figure 3. Top: Calculated UV/Vis absorption (solid line) and measured
fluorescence (dashed line) spectra of monomeric dye 2 in dioxane at
298 K at a concentration of c0=8.32G10

�7 molL�1 (leading to concen-
trations of the monomeric and dimeric species of
cM=7.20G10

�7 molL�1 and cD=5.59G10
�8 molL�1). Bottom: Calcu-

lated UV/Vis absorption spectrum (solid line) for dimer aggregates of
2 and the fluorescence spectra upon excitation at 21505 cm�1 (dotted
line) and 15730 cm�1 (dashed line) in dioxane at 298 K at a concen-
tration of c0=1.27G10

�6 molL�1 (leading to cM=5.70G10
�6 molL�1

and cD=3.50G10
�6 molL�1).

Figure 4. Top: MP2/6-31G(d,p)-optimized structure of the dimer
aggregate of 2 with q=58.28 and R=3.25 L (all alkyl substituents
have been replaced by methyl groups in the calculation). 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 arising from the distance R,
the slipping angle q, and the rotational angle a.

Zuschriften

7186 www.angewandte.de � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2006, 118, 7184 –7188

http://www.angewandte.de


results with the geometry derived by XRD, NMR spectros-
copy, and electrooptical absorption spectroscopy is remark-
able.[11, 12,17] The very small rotational twist of 108 is energeti-
cally only slightly disfavored according to our calculations[18]

and is thus easily accessible in solution, either by a solvent
effect or by the thermal energy provided at room temper-
ature.

The fluorescence intensity of such a dimer should,
however, be much weaker than the emission of the mono-
meric dye, which exhibits a strongly allowed S1

!S0 transition.
As a consequence, similar to other dimer aggregates, we
might have expected that the fluorescence band correspond-
ing to the dimer should be hidden beneath a more intense
monomer band. The fact that nicely resolved fluorescence
spectra of the dimer could be observed without any over-
lapping emission from the monomer in the given example can
be attributed to the very weak fluorescence intensity (quan-
tum yield Ff� 0.1%) of the monomeric dyes. The latter is a
result of a rapid nonradiative deactivation pathway through a
bond-twisting mechanism, as observed for most cyanine and
merocyanine dyes,[20] which leads to fast rates of fluorescence
decay. In accordance with this mechanistic picture, many
polymethine dyes show increased fluorescence intensities
after they have been rigidified by chemical or physical
measures.[21] Thus, it is reasonable to assume that the major
nonradiative decay channel for the excited monomeric dye 2
which causes the fast decay (0.5 ns) is suppressed upon
formation of a tightly bound dimer aggregate that remains
stable at least on the time scale of the observed fluorescence
decay time of 4.4 ns.

In conclusion, we have presented a unique example of a
merocyanine H-aggregate which exhibits a well-resolved
fluorescence spectrum and a significantly longer fluorescence
lifetime relative to its monomer.[22] These unexpected findings
could be rationalized within the concept of exciton theory by
taking into account the small transition probability caused by
a slight rotation of the two coupled dyes in the excited state as
well as the rigidification of the polymethine chain in the
closely p-p-stacked sandwich aggregate.
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