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lid multicolour emission of
terthiophene compounds controlled by mixed self-
assembly†

Shuai Liu,a Li Zhao,b Yun Yan*a and Jianbin Huang*a

Via the mixed self-assembling procedure, solid multicolour emission materials based on an amphiphilic

terthiophene compound are obtained from a unimolecular platform. Upon controlling the concentration

of the cationic surfactant dodecyltriethyl ammonium bromide (DEAB) in the precipitate–monomer

equilibrium system of the terthiophene compound TTC4L, mixed self-assembly of TTC4L–DEAB results

in diverse structures (including plates, spheres, and needles) with different emission colours. The

multicolour emissions are triggered by the different distances between the terthiophene groups in these

mixed self-assemblies. Each distance corresponds to a specific molecular state of terthiophene groups,

so that emissions corresponding to the monomers, excimers, and aggregates are obtained. Upon

variation of the ratio of DEAB and TTC4L, the relative fraction of emissions corresponding to the

monomers, excimers, and aggregates of TTC4L changes. This approach may act as a simple method to

control the stacking mode of the oligothiophene group which is anticipated to realize unimolecular-

platform multicolour emissions.
Introduction

Oligothiophene compounds have received increasing attention
in recent years in the elds of light emitting diodes (LEDs),1–5

because they exhibit different emission colours corresponding
to monomers, aggregates, and excimers, respectively.6–11 This
makes it possible to obtainmulticolour emission from the same
molecule simply by changing the intermolecular distance,
namely one platform multicolour emission.12–15 However, so far
the multicolour emissions of thiophene have been mainly
obtained through synthetic chemistry by modifying the number
of conjugated thiophene groups or the replacing groups that are
covalently connected to the thiophene skeleton.16–20 This is to a
large extent due to the difficulty in tuning the states of thio-
phene compounds in solids since it is hard to change the
intermolecular distance in such cases. As a result, to date solid
state multicolour emission of thiophene compounds remains a
challenging task.

On the other hand, the control over solution based molec-
ular assemblies has burst into ourishing developments in the
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last few decades. The change of molecular states or molecular
packing can be achieved upon exerting external stimuli, such as
light,21 enzyme,22 pH,23 temperature,24 redox,25 and so forth.
However, for the oligothiophene derivatives, the molecular
states corresponding to various emissions highly depend on the
intermolecular distances, which can hardly be tuned through
external stimuli. In order to solve this problem, we proposed a
strategy of mixed self-assembly in our previous work,26 which is
similar to the formation of self-assembled structures in the
oppositely charged surfactant systems.27–31 The main idea for
this strategy is to form mixed self-assembly with the thiophene
compound and another amphiphilic component. In case that
no specic recognition occurs, the two components will aver-
agely distribute in the mixed self-assembly,30,32,33 so that the
distance between molecules of the same kind is governed by the
mixing ratio between the two components.34–37 Using this
strategy, we have obtained multicolour emissions of the
amphiphilic TTC4L in solution simply by tuning the self-
assembly of TTC4L with an oppositely charged surfactant
DEAB.26

The solution based mixed self-assembly inspires that if the
mixed self-assemblies were allowed to grow up to reach the
meso- or macro-scale, they may precipitate out from the solu-
tion so as to form solid materials. In this way, the control over
the intermolecular distance in solids can be achieved also by
variation of the mixing ratio between the components when
they are in solution. In this work, we report that the multicolour
emission of TTC4L in solid states is indeed obtained by co-
crystallization of the TTC4L with the surfactant dodecyltriethyl
This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Illustration of the three forms of TTC4L.

Paper Soft Matter
ammonium bromide (DEAB). At a lower pH than in our previous
work, variation of the ratio of DEAB and TTC4L leads to various
crystalline structures, including plates, spheres and needles,
which exhibit different emission colours. Most interestingly,
the starting TTC4L is a solid suspension which is in equilibrium
with its monomers in this study. The co-crystallization of TTC4L
with DEAB shis the solubilization equilibrium of TTC4L
toward monomers, so that the TTC4L solid was transformed
into the mixed self-assembly, which allows tuning the inter-
molecular distance between TTC4L. We expect that this strategy
will be generalized to other intermolecular distance dependent
emitting systems.

Experimental section
Materials

TTC4L was synthesized according to the procedure reported in
our previous work.26,38 Dodecyltriethyl ammonium bromide
(DEAB) was prepared by the reaction of 1-bromododecane with
triethylamine, followed by recrystallizing ve times from
ethanol–acetone. The purity of the surfactant was examined by
the lack of minima in its surface tension curve. The water used
was puried by the Millipore ltration system. The other
chemicals were of analytical reagent grade.

Sample preparation

The TTC4L solutions were obtained by dissolving the solid
TTC4L powder in ultrapure water (Milli-Q, 18.2 MU cm). The pH
of TTC4L solutions was controlled around 7.0 using concen-
trated hydrochloric acid solution. Mixed assembly of TTC4L and
DEAB was performed via mixing certain amounts of TTC4L
solutions with concentrated DEAB solutions at desired molar
ratios. These samples were vortex mixed and kept at 20 �C for at
least 3 days before further analysis. The pH values were
measured using a SevenMulti type pH meter with InLab Semi-
Micro electrodes (Mettler Toledo, Switzerland). All analytical
measurements were performed at room temperature.

Spectroscopic measurements

The UV-vis absorbance measurements were carried out on a UV-
1800 SHIMADZU spectrophotometer in the range of 200–700 nm.
A Hitachi F-7000 uorescence spectrometer was used to measure
the uorescence emission of TTC4L–DEAB mixed systems. The
excitation wavelength was set at 365 nm. Emission spectra were
recorded in the range of 380–700 nm. Quantum efficiencies of
TTC4L in various assemblies were recorded on a Horiba-Jobin
Yvon Nanolog FL3-2iHR infrared uorescence spectrometer with
a calibrated integrating sphere system. The time-resolved uo-
rescence spectrum measurement was performed with a Lifespec
Red spectrouorometer of Edinburgh Instruments equipped
with a Hamamatsu picosecond light pulser C8898 using a 372
nm laser with a repetition rate of 1 MHz as the light source. For
eachmeasurement, at least 5000 photon counts were collected in
the peak channel to ensure the decay quality. The quality of the
t for the decay curves was supported by the fact that the tting
parameter c2 was less than 1.3.
This journal is © The Royal Society of Chemistry 2015
Scanning electron microscopy (SEM)

Field-emission scanning electron microscopy (FE-SEM) images
were taken with a Hitachi S4800. For the SEM measurements, a
drop of dispersion was placed on a clean silicon wafer and then
dried freely under ambient conditions.
Confocal laser scanning microscopy (CLSM)

An A1R-si inverted confocal laser scanning microscope (Nikon,
Japan) was used to conduct experiments in uorescence (irra-
diated at 405 nm, collection wavelength range: 420.75–740.75
nm) and differential interference contrast (DIC) modes. For
CLSM measurements, a drop of dispersion was loaded onto a
clean glass slide, followed by drying naturally.
X-ray diffraction (XRD)

Reection XRD studies were carried out on the lm with a
model Rigaku Dmax-2000 diffractometer. The X-ray beam was
generated with a Cu anode and the wavelength of the Ka1 beam
was 1.5406 Å. The X-ray beamwas directed toward the lm edge,
and scanning was performed in the range of 2–35�. For XRD
measurements, several drops of the dispersion were loaded on a
clean glass slide and dried in air.
Results and discussion

The molecular forms of TTC4L are pH dependent. H2A, HA�,
and A2� occur one by one with increasing pH (Scheme 1). In our
previous work, we report that the A2� form dominates at pH >
8.0, and addition of oppositely charged surfactant DEAB leads
to water soluble mixed self-assembly, such as vesicles and
micelles.26 However, in this work, we are interested in the HA�

form, which exists predominantly in the pH range of 4.6–7.9. All
the studies in this work were carried out at pH 7.0, where the
TTC4L molecules in the HA� form are slightly dissolved. We
expect that the presence of precipitate–monomer equilibrium
allows us to rearrange the packing of TTC4L molecules upon
addition of the oppositely charged surfactant DEAB, as
demonstrated in the following equation:

TTC4LðsolidÞ  ���

���!ð1Þ TTC4LðmonomerÞ
����!ð2Þ
DEAB

TTC4L=DEAB

(1)

Since the TTC4L in the HA� form averagely carries only one
elementary charge, addition of the aqueous solution of posi-
tively charged DEAB may shi the equilibrium (1) toward the
right side, and the mixed self-assembly of TTC4L–DEAB is apt to
grow up and nally precipitates out from the solution. Then
Soft Matter, 2015, 11, 2752–2757 | 2753



Fig. 2 XRD patterns of DEAB solid powder and assemblies of 0.10 mM
TTC4L in the different ratios of TTC4L and DEAB (1 : 0, 2 : 1, 1 : 1, 1 : 5,
1 : 10 and 1 : 20).
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changing the amount of DEAB may lead to mixed self-assem-
blies with various TTC4L–DEAB ratios.

Fig. 1 shows the optical observations of the precipitates in
the 0.10 mM TTC4L system. Without DEAB, rectangular plates
of several micrometers are formed, which are obviously self-
assembled from TTC4L. In the ratio of 2 : 1, spherical particles
of several micrometers are observed, which seem to be hollow
under optical microscopy. As the ratio of TTC4L and DEAB
increases to 1 : 1, needle-like structures about 1000 mm long
and 80 mm wide are formed. Both the length and the width of
the needles decrease with an increase in the ratio of TTC4L and
DEAB. At the ratio of 1 : 20, the length has been decreased to
about 60 mm and the width is about 5 mm. No needles are
available as the ratio of TTC4L and DEAB is over 1 : 50. Similar
results are observed from SEM images (see Fig. S1†).

Fig. 2 shows that the X-ray diffraction pattern of the TTC4L–
DEAB precipitates formed at different ratios of TTC4L and
DEAB are obviously different from that of the single TTC4L and
DEAB systems, suggesting that both the hollow spheres and the
needles are the mixed self-assembly of TTC4L–DEAB. It is
noticed that the XRD patterns of the 2 : 1 system is drastically
different from the mixed systems with 1 : 1 and 1 : 20, sug-
gesting that the molecular packing mode in the spherical
particles is completely different from that in the needles. It is
also striking that the pattern in the 1 : 20 system contains both
the feature of pure DEAB crystals and that of the mixed self-
assembly in the ratio of 1 : 1, indicating that there are some
domains of DEAB in the needles formed in the ratio of the 1 : 1–
1 : 20 system.

Nevertheless, the difference in the XRD patterns is a reec-
tion of changes in the intermolecular distance or packing mode
of the molecules.34,39 According to our design principle intro-
duced in the previous text, we expect that this should lead to
emissions of different colours. In Fig. 3, we show the CLSM
observations of these precipitates. As indicated in Fig. 3, the
polydispersed plates formed by TTC4L alone emit green light. In
the ratio of 2 : 1, yellow-green emission was observed in the
matrix of green emission for the hollow microspheres. As the
ratio reaches 1 : 1 where the long and wide needles were
observed, blue-emissive needles were generated. Interestingly,
the colour of the needles changes to cyan as the ratio of TTC4L
Fig. 1 CLSM images in DIC mode of the assembled structures of 0.10
mM TTC4L in the different ratios of TTC4L and DEAB (1 : 0, 2 : 1, 1 : 1,
1 : 5, 1 : 10 and 1 : 20).
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and DEAB increases to 1 : 5, which is accompanied by the
decreased needle length and width. Obviously, the emission
colours for TTC4L in solid states have been successfully
changed simply by varying the ratio of TTC4L and DEAB.

In order to explore the origins of the different emission
colours, the photophysical data for the different emission forms
were measured (details can be seen in Table S1†). Additionally,
the uorescence decays were measured (see Fig. S2–S4†) It was
found that TTC4L exhibited three lifetimes at all DEAB
concentrations, but the fraction of different lifetimes varies as
the ratio between TTC4L and DEAB changes (see Fig. 4).
According to the literature, the longest lifetime is attributed to
emissions from the excimers, which are formed at an inter-
molecular distance being 4–7 Å.6,14 Themedium lifetime is from
the aggregates, where the intermolecular distance is about 3
Å.7,8 The shortest lifetime belongs to themonomers dispersed in
the molecular state in the system.10,11 The uorescence decay
data suggest that without DEAB, most TTC4L molecules in the
precipitates are in the form of excimers (41.1%), while those in
the form of aggregates and monomers are 31.2%, 27.7%,
respectively. Upon increasing the fraction of DEAB in the range
of 1 : 0–1 : 1, where the morphology of the precipitates changes
Fig. 3 CLSM images in fluorescence mode of the self-assembled
structures of 0.10 mM TTC4L in the presence of different ratios of
TTC4L and DEAB (1 : 0, 2 : 1, 1 : 1, 1 : 5, 1 : 10 and 1 : 20).

This journal is © The Royal Society of Chemistry 2015



Fig. 4 Variation of the percentage of different fluorescent species of
the self-assembled structures in the 0.10 mM TTC4L solutions with
increasing the concentration of DEAB. The lines are simply to guide the
eyes.

Fig. 5 UV-vis absorption spectra of the self-assembled structures of
0.10 mM TTC4L in the different ratios of TTC4L and DEAB.
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from rectangular via spherical to needle-like, the fraction of
excimers drops steeply whereas that of both the monomers and
aggregates increase sharply. This is in line with the disappear-
ance of the bright green emissions. Upon an increase in the
ratio of DEAB in the range of 1 : 1–1 : 10 where the size of the
needles decreases only, the fraction of the monomers decreases
slightly while that of the excimers increases. Interestingly, a
further increase of the ratio of DEAB up to 1 : 20 may lead to a
slight increase of the fraction of monomers again. Corre-
spondingly, the fraction of excimers decreases slightly. In the
latter two DEAB concentration ranges, the fraction of aggregates
is nearly constant. This explains that the colour of the needles
changes from blue to cyan as the ratio of TTC4L and DEAB
increases from 1 : 1 to 1 : 10, whereas the blue hue is
strengthened again as DEAB increases from 1 : 10 to 1 : 20.
Moreover, the solid uorescence spectra were measured
(Fig. S5†). Corresponding to the variation of the fraction of
TTC4L in different states, three lifetimes obtained for the
different emission assemblies can also be ascribed.

The morphology and emission change of TTC4L with the
increasing ratio of TTC4L and DEAB is attributed to the change
at the molecular scale. Without DEAB, the charged TTC4L
molecules are amphiphilic, so that they aggregate via self-
assembly. The electrostatic repulsion between the head groups
leads to a larger intermolecular distance, which allows the
formation of excimers. In the presence of a small amount of
DEAB, where the positive charges provided by DEAB is not
enough to balance the negative charges of TTC4L, the self-
assembly of TTC4L with an apparent form of precipitates
gradually changes into the mixed self-assembly of TTC4L–
DEAB. This process may be mediated by a precipitate dissolu-
tion process, as demonstrated in eqn (1). Because DEAB and
TTC4L carry opposite charges, the electrostatic interaction in
the mixed assembly is reduced so that the self-assembly may
grow into large scales, which nally precipitates out from the
aqueous media.40 Meanwhile, the presence of DEAB separates
the TTC4L molecules so that it makes them difficult to aggre-
gate together. Therefore, at this stage the increased fraction of
monomers is accompanied by the decrease of excimers and
This journal is © The Royal Society of Chemistry 2015
aggregates. However, as the ratio of TTC4L and DEAB is
increased in the range of 1 : 0–1 : 20, where the DEAB becomes
dominant, the DEAB molecules tend to self-aggregate, as
revealed in the XRD patterns in Fig. 2, since they attract them-
selves better than TTC4L. This implies that there might be two
kinds of islands that are rich in DEAB and TTC4L, respectively.
This inevitably leads to a slight increase of the fraction of TTC4L
in the form of excimers and decrease of monomers. As the
fraction of DEAB further increases, the amount of DEAB
becomes prevailingly dominant so that the TTC4L molecules
can hardly form islands and most of them are dissolved in the
island of DEAB. Therefore, the fraction of monomers increases
again and that of the excimers decreases. Because the water
solubility of DEAB is very good, the islands that is rich in DEAB
tend to enter into water. As a result, the size of the needles keeps
decreasing. In fact, all the needles disappear as the ratio of
TTC4L and DEAB is over 1 : 100. This was clearly reected in the
evolution of UV-vis spectra (Fig. 5) upon addition of DEAB. Fig. 5
shows that the UV absorbance keeps decreasing as the ratio of
TTC4L and DEAB increases from 1 : 0 to 1 : 10, whereas it starts
to increases at the ratio of TTC4L and DEAB increases above
1 : 10. It is noticeable that the UV absorbance is not zero at a
longer wavelength as the ratio of TTC4L and DEAB up to 1 : 20,
which is a reection of the presence of scattering particles. In
this study, these scatters are hollow spheres or needles.
However, the tail absorption falls to zero at the ratio of TTC4L
and DEAB above 1 : 100 and the UV absorbance in the system
nally reaches a stable value as the ratio of TTC4L and DEAB is
beyond 1 : 200.

The formation of ‘island’ of TTC4L in the needles was
conrmed by the observation of the needles with a CLSM under
lasers of various wavelengths (Fig. 6). We can see that under
405, 488, and 543 nm, the needles emit blue, green, and yellow
light, respectively. It is worth noting that domain-like structures
are observed in the needles, suggesting that the green and
orange emitting species form small islands in the crystals. In
contrast, the blue-violet hue for the needles under 405 nm looks
very homogeneous, indicating the monomers that emit corre-
sponding light is dominant and averagely distributed in the
Soft Matter, 2015, 11, 2752–2757 | 2755



Fig. 6 CLSM images in fluorescence mode of the self-assembled
structures of 0.10 mM TTC4L in the ratio of TTC4L and DEAB 1 : 1
excited by the laser of (a) 405 nm, (b) 488 nm and (c) 543 nm.

Scheme 2 Illustration of the self-assembly of TTC4L into various
forms in the different ratios of TTC4L and DEAB.
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crystals. This observation not only veries the origins of the
different emissions, but also allows us to obtain different
emission colours from exactly the same platform, namely the
same emitting molecule in its same solid state, simply by vari-
ation of exciting wavelengths.41,42 The complete scenario for the
creation of one-platform solid multicolour emission is illus-
trated in Scheme 2.
Conclusions

In summary, we developed solid state one-platformmulticolour
emission of terthiophene compounds TTC4L by the strategy of
mixed self-assembly. TTC4L is weakly soluble in water, which
allows the presence of equilibrium between TTC4L monomers
and solid self-assembled structures. Upon addition of oppo-
sitely charged surfactant DEAB, the equilibrium shis and the
self-assembly of TTC4L gradually transforms into mixed
assembly of TTC4L–DEAB. This effectively changes the inter-
molecular distance between TTC4L, so that emissions corre-
sponding to monomers, excimers, and aggregates of TTC4L
were generated simply by controlling the ratio between TTC4L
and DEAB. Since we have successfully developed solution based
multicolour emission of TTC4L using the same principle, we
expect that this strategy may be a general approach to achieve
one-platform multicolour emission of oligothiophene
compounds, which may shed light on the design and develop-
ment of devices with multicolour emissions.
2756 | Soft Matter, 2015, 11, 2752–2757
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