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Liquid-crystalline ordering of davydov-split aggregates of cyanine dyes 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Davydov-split aggregates are formed by 
the self-assembly of lipophilic carbo
cyanine dyes. 

• The morphology of Davydov-split ag
gregates depends on the alkyl tail length 
of lipophilic carbocyanine dyes. 

• Davydov-split aggregate vesicles and fi
bers show liquid-crystalline ordering.  
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A B S T R A C T   

3,3′-ditetradecyloxacarbocyanine (DiOC14(3)) and 3,3′-Dioctadecyloxacarbocyanine (DiOC18(3)) are lipophilic 
carbocyanine dyes with a conjugated polymethine backbone and two long hydrocarbon tails. In this paper, we 
report the formation of Davydov-split aggregates of DiOC14(3) and DiOC18(3) in methanol/water mixtures with 
and without ammonia, which show a blue-shifted H-band and a red-shifted J-band with respect to the monomer 
band in their UV–vis absorption spectra. The Davydov-split aggregates of DiOC14(3) show a fiber-like 
morphology in the absence of ammonia and a vesicle-like morphology in the presence of ammonia. While the 
Davydov-split aggregates of DiOC18(3) show a vesicle-like morphology with the different lamellarities, 
depending on the presence of ammonia in the methanol/water mixtures. These Davydov-split aggregates with 
different morphologies are birefringence when being viewed through crossed polarizers, suggesting that they 
have liquid-crystalline phases. The Davydov-split aggregate fibers and vesicles with liquid-crystalline phases and 
unique excitations are great potential for photonic applications because the liquid-crystalline order and mo
lecular exciton are synergized.   

1. Introduction 

Cyanine dyes are an ionic compound composed of two heterocyclic 
rings linked by a conjugated backbone [1]. Due to the strong intermo
lecular interactions, cyanine dyes have the tendency to form J- or 
H-aggregates in aqueous solution, depending upon the conditions under 
which the aggregation occurs [2,3]. J-aggregates represent the 
head-to-tail arrangement of the transition dipole moments of cyanine 

dyes. While H-aggregates represent a face-to-face arrangement of the 
transition dipole moments of cyanine dyes. In some conditions, cyanine 
dyes form Davydov-split aggregates, in which the transition dipole 
moments of cyanine dyes are twisted to each other [4–6]. There has been 
great interest in controlling the size and morphology of these cyanine 
dye aggregates. For example, efforts have been made in the use of the 
self-assembly of amphiphilic cyanine dyes to form J- and H-aggregate 
ribbons and nanotubes [7–12]. In addition, inspired by the design of 
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light-harvesting antenna in nature, templated approaches have also 
been developed for controlling the formation of J- and H-aggregates of 
cyanine dyes [13–20]. These aggregates with well-defined morphologies 
have potential applications for photonic devices because of their unique 
molecular excitons. 

Liquid crystals are an ordered material, in which molecules show a 
long-range orientation order [21]. The supramolecular assembly 
through noncovalent interactions provides a new strategy for designing 
liquid crystals with enhanced complexity and functionality [22]. It has 
been shown that certain dyes can self-assemble into lyotropic chromonic 
liquid-crystalline phases in aqueous solution [23–25]. Although cyanine 
dyes have the tendency of forming J- and H-aggregates in aqueous so
lution, they do not typically show liquid-crystalline ordering with a few 
exceptions [26–28]. 

3,3′-Dioctadecyloxacarbocyanine (DiOC18(3)) and 3,3′-dite
tradecyloxacarbocyanine (DiOC14(3)) are lipophilic cyanine dyes. It has 
been shown that DiOC18(3) can form Langmuir monolayers at the air- 
water interface [29]. The H-aggregates formed in the liquid condensed 
phase of the Langmuir monolayers are fluorescent due to the twisted 
stacking of DiOC18(3) molecules [30]. However, the aggregation 
behavior of these lipophilic cyanine dyes in solution is largely unex
plored. In this paper, we show that DiOC14(3) and DiOC18(3) in meth
anol/water mixtures with and without ammonia form Davydov-split 
aggregates, which show a blue-shifted H-band and a red-shifted J-band 
with respect to the monomer band in their absorption spectra. The 
twisted angle of the transition dipole moments of DiOC14(3) and 
DiOC18(3) in the Davydov-split aggregates was estimated from their 
absorption spectra. Davydov-split aggregates are fluorescent and show 
liquid-crystalline phases. The morphology of the Davydov-split aggre
gates depends on the experimental condition under which the aggre
gation of DiOC14(3) and DiOC18(3) occurs. 

2. Experimental section 

2.1. Materials 

3,3′-ditetradecyloxacarbocyanine (DiOC14(3)), 3,3′-Dioctadecylox
acarbocyanine (DiOC18(3)), sodium chloride (NaCl), and sodium hy
droxide (NaOH) were purchased from Sigma-Aldrich and used without 
purification. Deionized water (18 MΩ cm, pH 5.7) was obtained from 
Easypure II system. Methanol and ammonia solution were from Sigma- 
Aldrich. Carbon-coated copper grids were from SPI supplies. 

2.2. Formation of Davydov-split aggregates 

DiOC14(3) and DiOC18(3) were dissolved in methanol at 55 ◦C for 
forming stock solutions, respectively. The stock solution was then mixed 
with water at the equal volume ratio with and without ammonia, sodium 
chloride (NaCl), and sodium hydroxide (NaOH). The mixed solution was 
sonicated at ~50 ◦C in an ultrasonic bath (Branson 1510, Branson Ul
trasonics Co.) for 5 min and then cooled to room temperature. After the 
mixed solution was aged at room temperature, a color change was 
observed. This suggested that the aggregation of DiOC14(3) and 
DiOC18(3) took place. The aggregate solution was stored in the dark 
when not in use. 

2.3. Characterizations 

Zeta-potential measurements were carried out with a Zetasizer Nano 
ZS90 (Malvern Instruments Inc.) at a cell driven voltage of 30 V. The 
absorption spectra of aggregation solution were measured with a Cary 
400 UV–vis spectrophotometer. Fluorescence spectra were measured at 
the synchronous mode with Δ = 40 nm using Jasco FP-6500 spectro
fluorometer. The optical and fluorescent microscopy images of aggre
gates were taken with an Olympus BX40 microscope with a hot stage 
and a Cytation 5 imaging reader equipped with a Xenon flash lamp and a 

DAPI filter cube, respectively. For the polarizing optical microscopy 
measurements, the optics was adjusted to complete extinction before 
samples were placed on the stage. The optical microscopy images were 
captured by using a digital camera (C2020 Zoom, Olympus) mounted on 
the microscope. Transmission electron microscopy (TEM) measure
ments were carried out with a JEOL TEM 1011 at an accelerating voltage 
of 100 kV, in which a drop of aggregation solution was dried on carbon- 
coated copper grids. 

3. Results and discussion 

The chemical structure of DiOC14(3) and DiOC18(3) is shown in  
Fig. 1a. Both dyes have the same conjugated polymethine backbone, but 
different lengths of alkyl tails. In methanol, the UV–vis absorption 
spectrum of DiOC14(3) and DiOC18(3) was characterized by a major 
monomer band at 485 nm and a shoulder short-wavelength shoulder 
band at 457 nm (Fig. 1b). The appearance of the shoulder band could be 
due to the formation of dimers [31]. DiOC14(3) with the concentration of 
0.15 mM in the methanol/water mixture (1:1, v/v) showed a strong 
monomer band with a shoulder at 510 nm and a weak H-band at 387 nm 
after the solution was aged for 1 h (Fig. 2a). In this case, DiOC14(3) 
formed vesicle-like aggregates (Fig. 2b), which showed no birefringence 
when being viewed under a polarizing optical microscope. This result 
suggested that the vesicle-like aggregates had a liquid-like phase. After 
24 h aging, the intensity of the H-band at 387 nm significantly increased. 
At the same time, a J-band at 501 nm was observed (Fig. 2a). The in
tensity of the J-band was slightly higher than that of the H-band. The 
change of the UV–vis absorption spectra over time was a result of the 
rearrangement of DiOC14(3) molecules in aggregates. The appearance of 
both the J-band and the H-band in the UV-Vis absorption spectra sug
gested that DiOC14(3) molecules formed Davydov-split aggregates, in 
which the transition dipole moments of DiOC14(3) molecules are twisted 
to each other. Interestingly, the Davydov-split aggregates of DiOC14(3) 
molecules showed a fiber-like structure with birefringence when being 
viewed under a polarizing optical microscope (Fig. 2c), suggesting that 
the DiOC14(3) molecules had a liquid-crystalline phase in the 
Davydov-split aggregate fibers. The twisted arrangement of DiOC14(3) 
molecules in the Davydov-split aggregate fibers allows optical transi
tions to both the higher (E1) and lower (E2) excited states, producing 
both the blue-shifted H-band and the red-shifted J-band in absorption 
spectra (Fig. 2d). The twisted angle (θ) of the transition moments of 
molecules in Davydov-split aggregates could be estimated from the 
equation [32,33]: tan2θ

2 = AJ−band
AH−band

, where AJ-band and AH-band were the 
oscillation strength of the J-band and the H-band, respectively. The ratio 
of AJ-band/AH-band was proportional to the ratio of the areas under the 
H-band and the J-band in adsorption spectra. Due to the overlap of the 
H-band and J-band of the Davydov-split aggregate fibers, we estimated 
the twisted angles (θ) of the transition moments of DiOC14(3) molecules 
from the intensity ratio of the H-band and the J-band to be ~ 84◦. 
Recently, the essential state model was developed for the understanding 
of the Davydov-split aggregates of squaraine dimers, which predicted 
that the H-band was dominant when the twisted angel of the squaraine 
dimers was close ~ 0◦. The J-band became dominant when the twisted 
angle of the squaraine dimers was close to 180◦. Both the intense J-band 
and the H-band appeared when the twisted angel of the squaraine di
mers was in the range from 180◦ to 0◦ [34], which was reasonable in the 
agreement with our results. 

The UV–vis absorption spectra of 0.25 mM DiOC14(3) in the meth
anol/water mixture (1:1, v/v) were near identical to that of 0.15 mM 
DiOC14(3) except the relative intensity of the H- and J-band after the 
solution was aged for 24 h (Fig. 3a). In this case, the intensity of the H- 
band at 387 nm was slightly higher than that the J-band at 501 nm. The 
Davydov-split aggregates formed from 0.25 mM DiOC14(3) also showed 
a fiber-like structure (Fig. 3b). The Davydov-split aggregate fibers 
changed birefringence when they were rotated in the plane (Fig. 3c), 
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which could point on the presence of liquid-crystalline structures. The 
liquid-crystalline phase was also observed in pure H- or J-aggregate fi
bers [35] and J-aggregate sheets [36] of other dyes. The twisted angles 

(θ) of the transition moments of DiOC14(3) molecules in the 
Davydov-split aggregate fibers was estimated to be ~ 83◦ from the in
tensity ratio of the H-band and the J-band. The Davydov-split aggregate 

Fig. 1. (a) Chemical structure of DiOC14(3) and DiOC18(3). (b) UV-Vis absorption spectra of 0.25 mM DiOC14(3) and DiOC18(3) in methanol.  

Fig. 2. (a) UV-Vis absorption spectra of 0.15 mM DiOC14(3) in the methanol/water mixture (1:1, v/v) after being aged for 1 h and 24 h. (b) Optical microscopy 
image of DiOC14(3) vesicles formed after being aged for 1 h. (c) Polarizing microscopy image of Davydov-split aggregate fibers formed after being aged for 24 h. (d) 
Schematic energy diagram and optical transition of monomers and Davydov-split aggregates. Schematic representation of a twisted arrangement of DiOC14(3) 
molecules was inserted in d. 
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fibers were fluorescent (Fig. 3d), in which some fluorescent vesicles 
were observed to connect with the fibers. Thus, we speculated that the 
crystallization of DiOC14(3) molecules led to the vesicle-to-fiber transi
tion. The transition was also observed in the aggregation process of 
other dyes [37] and surfactants [38–40]. There was no Davydov-split 

aggregate fiber observed when the concentration of DiOC14(3) in the 
methanol/water mixture (1:1, v/v) was reduced to 0.07 mM. 

After the addition of 1% ammonia in the methanol/water mixture 
(1:1, v/v), the positions of the H- and J-bands of 0.25 mM DiOC14(3) 
slightly red-shifted with respect to that in the absence of 1% ammonia 

Fig. 3. (a) UV-Vis absorption spectra of 0.25 mM DiOC14(3) in the methanol/water mixture (1:1, v/v) after being aged for 1 h and 24 h. (b, c) Polarizing optical 
microscopy images of Davydov-split aggregate fibers formed after being aged for 24 h. The images were taken when the fibers were rotated. (d) Fluorescence 
microscopy image of Davydov-split aggregate fibers formed after being aged for 24 h. 

Fig. 4. (a) UV-Vis absorption spectrum of 0.25 mM DiOC14(3) in the methanol/water mixture (1:1, v/v) with 1% ammonia after being aged for 24 h. (b) Polarizing 
optical microscopy image of Davydov-split aggregate vesicles. An enlarged polarizing microscopy image of a vesicle was inserted in b. 
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(Fig. 4a). In this case, the intensity of the J-band at 410 nm is slightly 
higher than that of the H-band at 508 nm. The Davydov-split aggregates 
of DiOC14(3) in the presence of 1% ammonia showed a vesicle-like 
structure with a birefringent Maltese-cross pattern (Fig. 4b), suggest
ing that the vesicle had a liquid-crystalline phase. There was no vesicle- 
to-fiber transition observed even after several day aging. The twisted 
angles (θ) of the transition moments of DiOC14(3) molecules in Davydov- 
split aggregate vesicles were estimated to be ~ 84◦ from the relative 
intensity ratio of the H-band and the J-band. 

The aggregation of DiOC14(3) molecules in solution is driven by 
hydrophobic interaction, electrostatic interaction, and π-π stacking. The 
balance of these interactions is responsible for the formation of 
Davydov-split aggregates. It was proposed that the hydrophobic inter
action of the alkyl tails of lipophilic cyanine dyes was a main driving 
force to cause the twisting of the transition moments of the dyes within 
the Langmuir monolayers at the air-water interface [29,30]. Ammonia is 
a weak base, which reacts with water to form ammonium ions (NH4

+) 
and hydroxide ions (OH−). In the methanol/water mixture with 
ammonia, OH- ions might screen the charge of DiOC14(3) molecules to 
reduce their electrostatic repulsion. Due to the charge screening of 
DiOC14(3) molecules by OH- ions, the π–π stacking of DiOC14(3) mole
cules increased, which might lead to the formation of liquid-crystalline 
phase in Davydov-split aggregate vesicles. 

The UV–vis absorption spectrum of both 0.15 mM and 0.25 mM 
DiOC18(3) in the methanol/water mixture (1:1, v/v) also showed 
Davydov splitting with a blue-shifted H-band at 384 nm and a red- 

shifted J-band at 502 nm (Fig. 5a). The diameter of Davydov-split 
aggregate vesicles formed by 0.15 mM DiOC18(3) was typically 
smaller than 2.0 µm (Fig. 5b). While the Davydov-split aggregate vesi
cles formed by 0.25 mM DiOC18(3) showed the diameter in the range 
from 1.0 µm to 7.0 µm (Fig. 5c). The twisted angle (θ) of the transition 
moments of DiOC18(3) molecules was estimated from the relative in
tensity of the H-band and the J-band to be ~ 83◦ in the Davydov-split 
aggregate vesicles formed by 0.15 mM DiOC18(3) and ~ 84◦ in the 
Davydov-split aggregate vesicles formed by .25 mM DiOC18(3). All the 
Davydov-split aggregate vesicles showed birefringence in their periph
eral regions (Fig. 5b and c). TEM images revealed the presence of 
nanosized Davydov-split aggregate vesicles as well (Fig. 5d), which 
deformed after being dried on substrates. The deformed vesicles showed 
a donut shape. 

The Davydov-split aggregate vesicles of DiOC18(3) showed a weak 
fluorescence emission at 449 nm and a strong fluorescence emission at 
553 nm (Fig. 6a). The Stokes shift of the strong fluorescence emission 
with respect to the J-band was 51 nm. For Davydov-split aggregates, the 
exciton band splits into two energy states, in which the fluorescence 
from both the higher and lower exciton states become possible due to the 
twisting of their transition moments (Fig. 2d). The weak fluorescence 
emission at 449 nm should be from the higher energy state (E2), while 
the strong fluorescence emission at 553 nm is from the lower energy 
state (E1). The Davydov-split aggregate vesicles showed a fluorescence 
from the peripheral region of the vesicles (Fig. 6b). The results from 
polarizing and fluorescence microscopy images suggested that the 

Fig. 5. (a) UV-Vis absorption spectra of 0.15 mM and 0.25 mM DiOC18(3) in the methanol/water mixture (1:1, v/v) after being aged for 24 h. Polarizing microscopy 
images of Davydov-split aggregate vesicles formed by 0.15 mM (b) and 0.25 mM DiOC18(3) (c) at room temperature. (d) TEM Davydov-split aggregate vesicles 
formed by 0.25 mM DiOC18(3). 
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DiOC18(3) molecules arranged in the peripheral region the surface of the 
vesicles formed a liquid-crystalline phase. In this case, there was no 
vesicle-to-fiber transition observed even when the liquid-crystalline 
vesicles were in contact with each other (Fig. 6c). 

The addition of 1% ammonia in the methanol/water mixture (1:1, v/ 
v) caused the slight red-shift of both the H-band and J-band of Davydov- 
split aggregate vesicles with respect to that in the absence of ammonia 
(Fig. 7a). In this case, the Davydov splitting was characterized by a H- 
band at 420 nm and a J-band at 516 nm. The twisted angle (θ) of the 
transition moments of DiOC18(3) in Davydov-split aggregate vesicles 

was estimated to be 79◦. The Davydov-split aggregates showed a weak 
fluorescence emission at 478 nm and a strong fluorescence emission at 
563 nm (Fig. 7a). The strong fluorescence emission had a Stokes shift of 
47 nm with respect to the J-band. When being viewed with a polarizing 
optical microscope, the Davydov split aggregate vesicles of DiOC18(3) 
showed a Maltese-cross pattern of light extinction (Fig. 7b). The Maltese- 
cross pattern of light extinction was also observed for the multi-lamellar 
vesicles of lipids in gel phases [41,42], in which the hydrophobic tails of 
lipids were oriented along the radial direction of the vesicles. The 
Davydov-split aggregates of DiOC18(3) showed relatively uniform 

Fig. 6. (a) Fluorescence emission spectrum of Davydov-split aggregate vesicles formed by 0.25 mM DiOC18(3) in the methanol/water mixture (1:1, v/v) after being 
aged for 24 h. (b, c) Fluorescence microscopy images of Davydov-split aggregate vesicles formed in the methanol/water mixture (1:1, v/v) after being aged for 24 h. 

Fig. 7. UV-Vis absorption and fluorescence emission spectra of Davydov-split aggregate vesicles formed by 0.25 mM DiOC18(3) the methanol/water mixture (1:1, v/ 
v) with 1% of ammonia. Fluorescence (b) and polarizing (c) optical microscopy images of Davydov-split aggregate vesicles. (d) Schematic of multi-lamellar vesicles 
of DiOC18(3). 
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fluorescence (Fig. 7c). The zeta potential of Davydov-split aggregate 
vesicles of DiOC18(3) was ~ 17.4 eV, suggesting that the surface of the 
vesicles was terminated by the cationic polymethine backbone of 
DiOC18(3). Based on the amphiphilic nature of DiOC18(3) together with 
the appearance of the birefringence Maltese-cross pattern, we concluded 
that DiOC18(3) formed a multi-lamellar liquid-crystalline phase, in 
which the alkyl tail of DiOC18(3) was radially oriented within the ves
icles (Fig. 7d). 

The appearance of the birefringence and fluorescent rings in the 
peripheral region of Davydov-split aggregate vesicles of DiOC18(3) in 
the absence of ammonia (Fig. 5b and Fig. 6b) might suggest that the 
degree of lamellarity of the vesicles was low. In the presence of 
ammonia, the charge of DiOC18(3) molecules was screened by OH- ions. 
In this case, Davydov- split aggregate vesicles of DiOC18(3) showed a 
uniform fluorescence and a birefringence Maltese-cross pattern, sug
gesting that the degree of lamellarity of the vesicles was high. It was 
reported that charged lipids promoted the unilamellarity in vesicles, 
while neutral lipids favored the multi-lamellarity in vesicles [43,44]. 
Our results were reasonable in the agreement with the relationship of 
the degree of lamellarity of lipid vesicles with the charge of lipids. 

Finally, we measured the UV–vis absorption spectra of 0.25 mM 
DiOC18(3) in the methanol/water mixture (1:1, v/v) after the addition of 
3.25 mM NaCl and 3.25 mM NaOH, respectively. The position of the H- 
band and the J-band of Davydov-split aggregate vesicles remained 

unchanged after the addition of NaCl (Fig. 8a). In this case, the Davydov- 
split aggregate vesicles of DiOC18(3) showed a birefringence ring 
(Fig. 8b). On the other hand, the position of the H-band and the J-band 
of 0.25 mM DiOC18(3) was red-shifted after the addition of NaOH 
(Fig. 8c). In this case, The Davydov-split aggregate vesicles of DiOC18(3) 
showed a birefringence Maltese cross pattern (Fig. 8d). These results 
might suggest that Cl- ions were not efficient in screening the charge of 
DiOC18(3) molecules, compared to OH- ions. 

4. Conclusions 

We have shown that lipophilic DiOC14(3) and DiOC18(3) in the 
methanol/water mixture with/without ammonia can form Davydov- 
split aggregates, which show a blue-shifted H-band and a red-shifted 
J-band with respect to the monomer band in their UV–vis absorption 
spectra. The Davydov-split aggregates of DiOC14(3) show a fiber-like 
morphology in the absence of ammonia and a vesicle-like morphology 
in the presence of ammonia. While the Davydov-split aggregates of 
DiOC18(3) show a vesicle-like morphology with the low degree of 
lamellarity in the absence of ammonia and the high degree of lamellarity 
in the presence of ammonia. The Davydov-split aggregate fibers and 
vesicles show liquid-crystalline phases, which are great potential for 
designing artificial light-harvesting and photonic devices. 

Fig. 8. (a) UV-Vis absorption spectrum and (b) polarizing optical microscopy image of Davydov-split aggregate vesicles of DiOC18(3) formed in the methanol/water 
mixture (1:1, v/v) with 2.3 mM NaCl. (c) UV-Vis absorption spectrum and (d) polarizing optical microscopy image of Davydov-split aggregate vesicles of DiOC18(3) 
formed in the methanol/water mixture (1:1, v/v) with 2.3 mM NaOH. 
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