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ABSTRACT: H-aggregates of π-conjugated dyes are an ordered supra-
molecular structure. However, the non-fluorescence behavior of H-aggregates
greatly limits their potential applications. In this paper, we report the formation
of fluorescent H-aggregates with vesicular and tubular morphologies by the self-
assembly of 3,3′-diethylthiacarbocyanine iodide (DiSC2(3)) in ammonia/
methanol mixtures. The transition from H-aggregate vesicles to H-aggregate
tubes can be achieved by increasing the volume fraction of methanol in the
mixtures. H-aggregate vesicles and tubes show two blue-shifted absorption
bands and strong fluorescence, which result from the inclined arrangement of
DiSC2(3) molecules. Furthermore, light-harvesting complexes are formed by
adding dopamine (DA)-quinone (acceptor) in synthetic urine with H-aggregate
vesicles or tubes. Our results show that H-aggregate tubes are more efficient
than H-aggregate vesicles in transferring excited electrons to DA-quinone
acceptors.

1. INTRODUCTION
Ordered aggregates of π-conjugated dyes are a potential
candidate for fabricating sensitized solar cells, mimicking light-
harvesting photosynthetic antennae and designing optical
probes because their optical and excitonic properties
significantly differ from those of individual dyes.1,2 H-
aggregates of π-conjugated dyes represent an ordered supra-
molecular structure, in which the transition dipole moments of
π-conjugated dyes are in a face-to-face arrangement. It has
been shown that H-aggregates of π-conjugated dyes can
effectively contribute to the photocurrent in photovoltaic cells3

and have high optical coefficients for nonlinear optics.4 Based
on the exciton theory, the coupling of the transition dipole
moments of π-conjugated dyes leads to the formation of two
energy exciton states, in which optical transitions to the higher-
energy exciton state are only allowed for the face-to-face
arrangement of H-aggregates. Due to the rapid relaxation of
the excited energy from the higher-energy exciton state to the
lower-energy exciton state (forbidden), H-aggregates usually
exhibit no fluorescence emission.5 Although the non-
fluorescence behavior is a common feature of H-aggregates,
several cases of fluorescent H-aggregates are reported in the
literature.6−13 It is generally believed that the fluorescence
from H-aggregates is mainly due to the imperfect face-to-face
arrangement of π-conjugated dyes, in which fluorescence
arising from the lower-energy exciton state becomes possible.14

Cyanine dyes are ionic organic compounds that consist of
two heterocyclic units connected by a polymethine chain.15

Like many other self-assembly systems, electrostatic, hydro-
phobic, and van der Waals interactions play important roles in

the aggregation of ionic cyanine dyes. The balance of these
interactions determines the extent and type of aggregation of
cyanine dyes. There has been great interest in controlling the
aggregation of cyanine dyes in solution by manipulating these
interactions.16−27 In this paper, we studied the aggregation
behavior of 3,3′-diethylthiacarbocyanine iodide (DiSC2(3)) in
ammonia/methanol mixtures. Especially, we found that
DiSC2(3) formed fluorescent H-aggregates, which changed
their morphologies from vesicles to tubes with the increase in
the volume fraction of methanol in the mixtures. The H-
aggregate vesicles and tubes showed two blue-shifted H-bands
and strong fluorescence emission. The inclined arrangement of
DiSC2(3) molecules in H-aggregate vesicles and tubes was
evident from their absorption spectra, which was considered
responsible for the origin of fluorescence. In comparison with
J-aggregates, the application of H-aggregates as light-harvesting
antennae is still limited. We formed light-harvesting complexes
by adding dopamine (DA)-quinone (acceptor) in synthetic
urine with H-aggregate vesicles and tubes to understand
whether the H-aggregates could be beneficial for the transfer of
excited electrons to DA-quinone acceptors.
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2. EXPERIMENTAL SECTION

2.1. Materials. 3,3′-Diethylthiacarbocyanine iodide
(DiSC2(3)) and dopamine (DA) were purchased from
Sigma-Aldrich and used without purification. Deionized (DI)
water (18 MΩ cm, pH 5.7) was obtained from an Easypure II
system. Methanol and ammonia solution were from Sigma-
Aldrich. Synthetic urine with pH 7.8−8.0 was purchased from
the Ricca Chemical Company and diluted 10 times with DI
water before being used. Holey Formvar filmed grids were
from Electron Microscopy Science.
2.2. Formation of H-Aggregates. For the formation of

H-aggregate vesicles, DiSC2(3) was dissolved in ammonia
solution. Meanwhile, for the formation of H-aggregate tubes,
DiSC2(3) was dissolved in methanol and then mixed with
ammonia solution. These mixed solutions were sonicated at
∼50 °C in an ultrasonic bath (Branson 1510, Branson
Ultrasonics Co.) for 5 min and then allowed to sit in the
dark at room temperature. Over time, these mixed solutions
changed color, suggesting the H-aggregation of DiSC2(3).
These H-aggregate solutions of DiSC2(3) were stored in the
dark when they were not in use.
2.3. Characterizations. The structure and morphology of

H-aggregates were characterized with an optical microscope
(Olympus BX), a fluorescence microscope (Cytation 5
imaging reader) equipped with a Xenon flash lamp and a
DAPI filter cube, and a transmission electron microscope (FEI

Techni F30). For optical microscope observations, a drop of
H-aggregate solution was placed on a glass substrate followed
by placing a cover glass slide on top of the drop. For
transmission electron microscopy (TEM) measurements, a
drop of H-aggregate solution was dried on holey Formvar
filmed grids at room temperature for 24 h and then imaged at
an accelerating voltage of 300 kV. Dynamic light scattering was
performed with PD 2000DLS. For spectroscopy studies, H-
aggregate solution was added to a cuvette. The absorption and
fluorescence emission spectra were taken with a Cary 60
spectrophotometer and a Jasco FP-6500 spectrofluorometer,
respectively.

2.4. Formation of H-Aggregate-Integrated Agarose
Films. Agarose solution (1 wt %) was formed by dissolving 0.1
g of agarose powder in 10 mL of 1% ammonia solution at ∼40
°C under magnetic stirring. H-aggregate tube solution (2.5
mL) was then mixed with 2.5 mL of agarose solution. The
mixed solution was stirred for 2 min and then transferred onto
a horizontally placed quartz cuvette on a table. H-aggregate
tube-integrated agarose hydrogel films were formed on the wall
of the quartz cuvette when the temperature was cooled to 23
°C.

3. RESULTS AND DISCUSSION

DiSC2(3) consists of a π-conjugated polymethine backbone
and two short alkyl tails bearing three carbons (see the inset in

Figure 1. (a) Absorption and fluorescence spectra of 1 mM DiSC2(3) in 7% ammonia solution after being aged for 1 week at room temperature.
(b) Optical microscopy image of spherical aggregates of DiSC2(3) formed in 7% ammonia solution after being aged for 1 week. The chemical
structure of DiSC2(3) was inserted in panel (a).

Figure 2. (a) Absorption spectra of 1 mM DiSC2(3) in 30% ammonia solution after being aged for different periods of time at room temperature.
Optical microscopy (b) and TEM (c) images of H-aggregate vesicles formed in 30% ammonia solution after being aged for 1 week. The
fluorescence spectrum of 1 mM DiSC2(3) in 30% ammonia solution after being aged for 1 week was inserted in panel (a). The monomer band was
denoted as M.
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Figure 1a). DiSC2(3) (1 mM) in 7% ammonia solution
showed an absorption band at 552 nm and an emission band at
585 nm after being aged for 72 h at room temperature (Figure
1a). The absorption band was identical to the monomer band
reported in the literature.27 Optical microscopy images
revealed that 1 mM DiSC2(3) formed spherical aggregates in
7% ammonia solution (Figure 1b). Based on the spectroscopy
and microscopy results, we concluded that DiSC2(3)
molecules formed a disordered structure in the spherical
aggregates.
When the concentration of ammonia was increased to 30%,

1 mM DiSC2(3) showed a monomer band at 552 nm and a
blue-shifted band at 431 nm after being aged for 2 h at room
temperature (Figure 2a). The blue-shifted band was denoted
as the H1-band. After the solution was aged for 72 h, the
intensity of the monomer band significantly decreased, while
the intensity of the H1-band increased. At the same time,
another blue-shifted band appeared at 358 nm, which was
denoted as the H2-band. After 1 week of aging, the H2-band
becomes dominant (Figure 2a). There was no further change
in the absorption spectra for longer aging. According to the
exciton theory, H-aggregates of dyes strongly quench their
fluorescence if dyes are stacked in the perfect face-to-face
arrangement. However, the H-aggregates of DiSC2(3) formed
in 30% ammonia solution showed an emission band at 580 nm
with a Stokes shift of 28 nm with respect to the monomer band
and an emission at 510 nm with a large Stokes shift of 79 nm
with respect to the H1-band (Figure 2a). The large Stokes shift
is a character of fluorescent H-aggregates. The H-aggregates
showed spherical morphology (Figure 2b). TEM analysis
revealed that the spherical H-aggregates were polydispersed
with the diameter in the range from 0.1 to 0.7 μm (Figure 2c).

The hollowness was visible from large spherical H-aggregates,
suggesting that DiSC2(3) formed vesicular-like H-aggregates.
The wall thickness of large H-aggregate vesicles was ∼150 nm.
Although the majority of small spherical H-aggregates shown
in the TEM image appeared to be flat, the hollow spherical H-
aggregates were occasionally observed, as indicated by the
arrows in Figure 2c. The flattening of small spherical H-
aggregates was likely caused by the drying process on
substrates. Dynamic light scatting revealed that the average
diameter of small spherical H-aggregates was ∼0.22 μm
(Figure S1).
The aggregation of DiSC2(3) molecules in ammonia

solution was likely driven by π−π stacking, electrostatic, and
hydrophobic interactions. Ammonia is a weak base and
converts to ammonium ions (NH4

+) and hydroxide ions
(OH−) by the deprotonation of water. The observed monomer
band in 7% ammonia solution might suggest that the
electrostatic repulsion of positively charged DiSC2(3) mole-
cules prevented them to form an ordered structure in aggregate
vesicles. With the increase in ammonia concentrations, the
concentration of OH− ions increased. The increased OH−

concentrations might fully screen the charge of DiSC2(3)
molecules and reduced the electrostatic repulsion between
them, consequently leading to the formation of H-aggregates in
the wall of vesicles.
Furthermore, we studied the aggregation behavior of

DiSC2(3) in methanol/ammonia mixtures. In our experiments,
DiSC2(3) was dissolved in methanol and then mixed with 30%
ammonia solution. After being aged for 1 week at room
temperature, 1 mM DiSC2(3) in the methanol/ammonia
mixture (1:9, v/v) showed a strong H2-band at 358 nm and a
weak H1-band at 416 nm (Figure S2a). The H-aggregates

Figure 3. (a) Absorption and fluorescence spectra of 1 mM DiSC2(3) in the methanol/ammonia mixture (1:1, v/v) after being aged for 1 week at
room temperature. (b) Optical, (c) polarizing, and (d) florescence microscopy images of H-aggregate tubes of DiSC2(3) formed in the methanol/
ammonia mixture (1:1, v/v) after being aged for 1 week. The TEM image of H-aggregate tubes was inserted in panel (b).
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showed spherical morphology (Figure S2b), which was similar
to the H-aggregates formed in 30% ammonia solution. In the
methanol/ammonia mixture (1:1, v/v), 1 mM DiSC2(3)
showed a weak H2-band at 361 nm and a strong H1-band at
465 nm (Figure 3a) after being aged for 1 week. In this case,
the monomer band completely disappeared. The H-aggregates
showed a strong fluorescence emission at 600 nm with a large
Stokes shift of 135 nm with respect to the strong H1-band
(Figure 3a). Optical microscopy images revealed that the H-
aggregates had tubular morphology with the optical contrast
between the tube walls and the inner channel (Figure 3b), in
which the inner channel appeared light, while the tube walls
appeared as two parallel dark lines. The external diameter of
H-aggregate tubes was in the range of 2−6 μm. The
hollowness of H-aggregate tubes was visible in a TEM
image, although the contrast difference between the tube
walls and the inner channel was small (see the inset in Figure
3b). When being viewed between two crossed polarizers, the
H-aggregate tubes showed birefringence (Figure 3c), suggest-
ing that they had a long-range crystalline structure. Figure 3d
shows the fluorescence microscopy image of H-aggregate
tubes, which revealed that they were highly fluorescent. H-
aggregate tubes showing two H-bands in absorption spectra
could also be formed by 0.5 and 2.0 mM DiSC2(3) in the
methanol/ammonia mixture (1:1, v/v) (Figure S3). The
diameter of the H-aggregate tubes formed by 2.0 mM
DiSC2(3) was larger than that by 0.5 mM DiSC2(3). In
addition, some of the H-aggregate tubes formed by 0.5 mM
DiSC2(3) appeared to be curved.
To gain a better understanding of the formation mechanism

of H-aggregate tubes, we imaged the aggregates of DiSC2(3)
formed at early stages. After 2 h of aging, the vesicular
aggregates of DiSC2(3) were observed (Figure 4a). The
vesicles then linear-aggregated over time (Figure 4b). TEM
images revealed that H-aggregate tubes coexisted with partially
rolled sheets (Figure 4c). The presence of partially rolled
sheets strongly suggested that H-aggregate tubes were formed
by the rolling up of a sheet. Thus, a possible formation
mechanism of the H-aggregate tubes is illustrated in Figure 4d.
First, the fusion of linearly aggregated vesicles formed flat
sheets, which likely resulted from the crystallization of
DiSC2(3). The crystalline sheets then rolled up into H-
aggregate tubes, which was similar to the formation of tubes

from the self-assembly of chiral bile acids.28 The formation of
tubes starting from the vesicles of a chiral bile salt-derived
molecule was also reported.29 The chiral interaction was
proposed to be a driving force for the formation of tubular
structures from chiral membranes, in which chiral molecules
are twisted with respect to each other.30 However, DiSC2(3) is
an achiral molecule. The rolling up of DiSC2(3) sheets cannot
be explained with the chiral interaction. The birefringence
domains are observed in Figure 3c. Thus, the presence of
different crystalline domains in DiSC2(3) sheets may be the
origin of the rolling up of DiSC2(3) sheets.

31

The appearance of two blue-shifted H-bands in absorption
spectra (referred as Davydov splitting14) suggested the inclined
arrangement of DiSC2(3) molecules in H-aggregate vesicles
and tubes. There were differences in the absorption spectra
between H-aggregate tubes and H-aggregate vesicles after 1
week of aging (Figures 2a and 3a). Although the H2-band
position of H-aggregate tubes was near the same as that of H-
aggregate vesicles, the H1-band position of H-aggregate tubes
was less blue-shifted than that of H-aggregate vesicles.
Furthermore, the H-aggregate tubes showed the predominance
of the H1-band over the H2-band, while the H-aggregate
vesicles showed the predominance of the H2-band over the H1-
band. The inclination angle (θ) of DiSC2(3) molecules in H-
aggregate vesicles and tubes could be calculated from the
oscillation strength of the two Davydov components (H1- and

H2-bands) with the equation32,33 tan A
A

2
2

H1 band

H2 band
=θ ‐

‐
, where

AH1 ‑ band and AH2 ‑ band are the oscillation strengths of the
H1-band and the H2-band, respectively. The ratio of AH1 ‑ band/
AH2 ‑ band is proportional to the ratio of the areas under the H1-
band and the H2-band in adsorption spectra. However, the
overlap of the H1-band and the H2-band limited the possibility
of measuring the area under the H1-band and the H2-band.
Thus, we used the intensity ratio of the H1-band and the H2-
band to replace the area ratio under them to roughly estimate
the inclined angles (θ) of DiSC2(3) molecules to be ∼48° in
H-aggregate vesicles and ∼97° in H-aggregate tubes.
From the results, we concluded that the inclined arrange-

ment of DiSC2(3) molecules was the origin of the fluorescence
from H-aggregate vesicles and tubes. Figure 5 illustrates the
energy band diagram and optical transitions of H-aggregate
vesicles and tubes, in which DiSC2(3) molecules form the

Figure 4. Optical microscopy images of H-aggregate vesicles of 1 mM DiSC2(3) in the methanol/ammonia mixture (1:1, v/v) after being aged for
24 h (a) and 48 h (b) at room temperature. (c) TEM image of H-aggregate tubes formed by 1 mM DiSC2(3) in the methanol/ammonia mixture
(1:1, v/v). (d) Schematic illustration of the possible formation mechanism of H-aggregate tubes from H-aggregate vesicles.
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inclined arrangements. The coupling of DiSC2(3) molecules in
H-aggregate vesicles and tubes led to the formation of two
energy excited states (E1 and E2). Due to the inclined
arrangement of DiSC2(3) molecules in H-aggregate vesicles
and tubes, the optical transitions from the ground state (E) to
E1 and E2 gave two blue-shifted H-bands. The excitation of H-
aggregate vesicles and tubes rapidly relaxed from the E2 to E1
states by nonradiative internal conversion. The red-shifted
fluorescence emission increased from the E1 state. The
observed large Stokes shift of fluorescence emissions was a
characteristic property of H-aggregates.
It was reported that H-aggregates of thionine dyes could

harvest light energy and then transfer energy to the monomeric
dye.34 Dopamine (DA) is a neurotransmitter, which carries
signals between neurons. The oxidized DA (DA-quinone)
could serve as an electron acceptor.35,36 A previous study
showed that DA could be oxidized in synthetic urine with pH
7.8−8.0.37 Thus, we formed light-harvesting complexes by
adding DA in synthetic urine with disordered aggregate
vesicles and H-aggregate vesicles. Figure 6a shows the
absorption spectra of spherical aggregates (Figure 1b) in
diluted synthetic urine (100 times) with DA. We found that
the absorption band at 552 nm (monomer band) only showed
slight variations after the addition of DA. However, the H2-
band intensity of H-aggregate vesicles gradually decreased with

the increase in DA concentrations from 10 to 80 nM (Figure
6b). The plot of the relative intensity (ΔI/I0) of the H2-band
as a function of DA concentrations showed a linear
relationship (see the inset in Figure 6b). Here, ΔI = I0 − I,
where I0 is the H2-band intensity before the addition of DA
and I is the H2-band intensity after the addition of DA.
We noted that the H-aggregate tubes of DiSC2(3) slowly

precipitated in solution over time. Thus, we integrated them in
transparent and neutral agarose hydrogel films, which were
permeable for small molecules.38,39 Figure 7a shows the
photography image of the H-aggregate tube-integrated agarose
hydrogel film formed on the wall of a cuvette. After the
addition of 1 mL of diluted synthetic urine, the intensities of
both the H1-band and H2-band of the integrated H-aggregate
tubes increased over time and then leveled off after 2 h (Figure
S4). The increased intensities of the H1-band and H2-band
were the result of the shrinkage of the agarose hydrogel films
(Figure S5), which led to the increase in the density of H-
aggregate tubes in the hydrogel film. Thus, we recorded the
absorption spectra 2 h after the addition of diluted synthetic
urine with DA, in which the shrinkage of the hydrogel film was
stopped. In this case, the integrated H-aggregate tubes showed
no change in their absorbance in diluted synthetic urine with/
without light irradiation (Figure S6). However, the decrease in
the H-band intensity of the integrated H-aggregate tubes was
observed after the addition of DA (Figure 7b). The ΔI/I0 of
the H1-band and H2-band linearly increased with the increase
in DA concentrations (Figure 7c and Figure 7d, respectively).
In the light-harvesting system, the oxidized DA (DA-

quinone) in synthetic urine likely adsorbed on the surface of
H-aggregate vesicles and tubes through the π−π stacking
interaction. The gradual decrease in the absorbance of H-
aggregate vesicles and tubes with the increase in DA
concentrations might result from either electron or energy
transfer to DA-quinone acceptors. DA-quinone had an
absorption band at 280 nm,37,39 which did not overlap with
the fluorescence band of H-aggregate vesicles (510 nm) and
tubes (600 nm). The energy transfer from H-aggregate vesicles
and tubes to DA-quinone acceptors could be excluded.
Therefore, we concluded that the electron transfer from the
excited H-aggregate vesicles and tubes to DA-quinone
acceptors was responsible for the decrease in their absorbance.
Our results showed that the absorbance of spherical aggregates
(Figure 1b) basically remained unchanged (Figure 6a),

Figure 5. Schematic energy diagram and optical transition of
monomers (a), H-aggregate vesicles (b), and H-aggregate tubes (c).
Schematic illustrations for the inclined arrangement of DiSC2(3)
molecules in H-aggregate vesicles and tubes were inserted in panels
(b, c), respectively. θ was the inclined angle.

Figure 6. Absorption spectra of spherical aggregates (a) and H-aggregate vesicles (b) in synthetic urine with DA at different concentrations. The
plot of the relative intensity (ΔI/I0) of the H2-band as a function of DA concentrations was inserted in panel (b).
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suggesting that they were unable to efficiently transfer the
excited electrons to DA-quinone acceptors. It was likely that
the delocalized excitons of H-aggregate vesicles and tubes
felicitated the transfer of excited electrons to DA-quinone
acceptors. In addition, H-aggregate vesicles only showed in the
gradual decrease in the H1-band with the increase in DA
concentrations (Figure 6b). For H-aggregate tubes, both the
H1- and H2-bands gradually decreased with the increase in DA
concentrations (Figure 7b). Furthermore, the slope of the plot
of the ΔI/I0 of H1- and H2-bands of H-aggregate tubes as a
function of DA concentrations was larger than that of the H1-
band of H-aggregate vesicles. These results suggested that H-
aggregate tubes were more efficient than H-aggregate vesicles
for transferring excited electrons to DA-quinone acceptors. As
can be seen in Figures 6b and 7b, the H-bands of H-aggregate
tubes were sharper than those of H-aggregate vesicles,
suggesting that the coupling of DiSC2(3) molecules in H-
aggregate tubes was stronger than that of H-aggregate vesicles.
This might explain why H-aggregate tubes were more favorable
for the transfer of excited electrons to DA-quinone acceptors,
compared to H-aggregate vesicles.

4. CONCLUSIONS

We show that DiSC2(3) molecules can form fluorescent H-
aggregate vesicles and tubes in ammonia/methanol mixtures.
In particular, the transition from H-aggregate vesicles to H-
aggregate tubes can be achieved by increasing the volume ratio
of methanol in the mixtures. The H-aggregate vesicles and
tubes show two H-bands in the absorption spectra, referred as
Davydov splitting. The inclined angle of DiSC2(3) molecules
in H-aggregate vesicles and tubes is estimated from their
absorption spectra. The fluorescence from H-aggregate vesicles

and tubes results from the inclined arrangement of DiSC2(3)
molecules. Light-harvesting complexes are formed by adding
DA in synthetic urine with H-aggregate vesicles or tubes. Our
results show that H-aggregate tubes are more efficient than H-
aggregate vesicles in transferring excited electrons to DA-
quinone acceptors.
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