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Photoswitchable aggregation-induced emission of a
dithienylethene–tetraphenylethene conjugate for
optical memory and super-resolution imaging3
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We report the synthesis of a dithienylethene–tetraphenylethene (DTE–TPE) conjugated photochromic

fluorophore which simultaneously exhibits aggregation-induced emission and reversible fluorescence

switching. Photochromic DTE–TPE turns cyan-blue after 5 s of UV irradiation and exhibits a strong green

emission at 520–540 nm upon excitation with visible light when present in nanoparticles and the solid

state, in contrast to non-fluorescence in solution. DTE–TPE exhibits reversible fluorescence switching under

alternating irradiation with UV and visible light (wavelengths greater than 440 nm), when present in

nanoparticles and the solid state. The continuous readout of the emissive DTE–TPE film over 1 h upon 440

nm excitation–irradiation causes only a 7% reduction in emission intensity for DTE–TPE. The super-

resolution fluorescence nanolocalization indicates that the vicinal DTE–TPE emitters show sub-100 nm

resolution which is higher than for conventional fluorescent imaging. The spectroscopic and imaging data

provides initial guidelines for the screening of molecular scale memory units with the corresponding

excitation and detection wavelengths for signal readout and super-resolution imaging agents.

Introduction

Since thermally stable photochromic diarylethene was first
introduced in 1988 by Irie,1,2 many novel diarylethene molecules
have been reported.3–6 Dithienylethene (DTE) is one of the most
utilised and developed diarylethene structures, owing to its
outstanding properties, such as thermally-irreversible photoi-
somerization, excellent fatigue resistance and efficient photo-
chromism performance in the solid state and even in the single-
crystalline phase.7,8 These features meet the technical require-
ments for optoelectronic devices. In this light, DTE has generated
extensive interest in high-technology studies and applications
such as optical memory media,9–11 bioimaging,12–15 single
molecular fluorescence photoswitches,11,16,17 optical transistors,18

photoprogrammable organic light-emitting diodes19,20 and light-
driven actuators.7,21 Recently, photoswitchable fluorophores have
been described as promising fluorescent labels in super-resolu-
tion imaging which breaks the diffraction limit.22–24 Thus, the

design and synthesis of new fluorescent DTEs are vitally important
in novel imaging with nanoscale resolution.

In most reports regarding luminescence as a detection or
readout signal, the photochromes are investigated in solu-
tion.25–27 However, the optoelectronic applications of photo-
switches often require the photoswitch to be in the solid or
aggregate state.28 As a popular phenomenon in organic solid
state luminescence, aggregation causing quenching (ACQ) in
highly-loaded solid films must be overcome, even though
some fluorescence systems in polymer films for optoelectronic
applications have been reported.26 Therefore, the design of
photochromic systems to surmount the challenges of ACQ is
required.

Within the last few years, great progress has been made
regarding materials which display aggregation induced emis-
sion (AIE) properties.29–31 The AIE materials, such as 1-methyl-
1,2,3,4,5-pentaphenylsilole32 and tetraphenylethene (TPE),33,34

exhibit opposing properties to the more commonly observed
ACQ materials, and have excellent fluorescence quantum
efficiencies in the solid-state in contrast to near quenching
in solution. As the most AIE-active materials besides siloles,
TPE-based materials are easy to synthesise and modify, and
exhibit high AIE effect values (extent of the emission
enhancement) and excellent solid-state fluorescence. Because
of these properties, TPE-based materials have attracted
increased attention in the fields of OLEDs and chemo/
biosensors. Taking advantage of the attractive properties of
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TPE, it is desirable to design dithienylethene–tetrapheny-
lethene (DTE–TPE) conjugates which enable AIE behaviour
and fluorescence photoswitching. We report the synthesis and
optical properties of the first TPE-based photochromic
material, DTE–TPE, which quenches its fluorescence in
solution and exhibits enhanced bright green luminescence
when present in nanoparticles and the solid state. We
investigate the AIE behaviour, photochromism and fluores-
cence photoswitching of the photochrome. Solid state patterns
have been fabricated which exhibit ‘‘on–off’’ reversible
fluorescence switching and readout capability. Particularly,
the super-resolution fluorescence imaging of DTE–TPE dis-
persed in a polymethylmethacrylate (PMMA) matrix has been
reconstructed as a nano-resolution pattern based on the
photoswitchable AIE of DTE–TPE.

Results and discussion

Synthesis and charaterization

Scheme 1 shows the synthetic procedure for the open form of
DTE–TPE. Chlorination of 2-methylthiophene at the 5-position
was carried out smoothly, due to the relatively low chlorination
reactivity at the 3-position compared with the 5-position,
obtaining 2-chloro-2-methylthiophene in high yield (83%).
Subsequent bromination at the 4-position by bromine in
chloroform at 0 uC afforded 3-bromo-2-chloro-5-methylthio-
phene in excellent yield (93%). It is expected that the Cl atom
at the 5-position of 3-bromo-5-chloro-2-methylthiophene is
stable enough to withstand attack by butyllithium, while the
bromine atom of 3-bromo-5-chloro-2-methylthiophene can
undergo exclusive lithium–halogen exchange at 278 uC. The
formed intermediate, 5-chloro-2-methyl-3-thienyllithium, was
reacted with perfluorocyclopentene, and after purification, 1,2-
bis-(5-chloro-2-methyl-3-thienyl)perfluorocyclopentene (Di-Cl-
DTE) was obtained as white crystals in moderate yield (30%).
Finally, Di-Cl-DTE and TPE–B(OH)2

33 were easily conjugated by
Suzuki cross-coupling in good yield (63.4%). The open form
and photostationary state (PSS) of DTE–TPE were character-
izated by 1H NMR spectroscopy, mass spectrometry and HPLC.

The detailed synthesis and characterization of DTE–TPE-O is
provided in the ESI.3

The purity of DTE–TPE and the ratio of the open form (DTE–
TPE-O) to the closed form (DTE–TPE-C) was obtained by HPLC.
The HPLC UV detector was set at 368 nm, which is the
isosbestic point of the photoswitching process of DTE–TPE. It
means that the molar absorption coefficients of DTE–TPE-O
and DTE–TPE-C are equal at this wavelength. Therefore, the
area percentages of the peaks in the HPLC spectra represent
the corresponding ‘‘real’’ molar concentration of DTE–TPE-O
and DTE–TPE-C. The single peak at 16.61 min corresponds to
DTE–TPE-O with a 99.7% purity of DTE–TPE (Fig. 1a). After
saturated irradiation with UV light (365 nm), the PSS of DTE–
TPE was achieved with a 95.5% ring-closing yield. The 1H NMR
results are in good agreement with the results obtained by
HPLC. From the 1H NMR spectra (Fig. 1b), DTE–TPE-O and
DTE–TPE-C can be easily distinguished, with the chemical
shift of the –CH3 group on the thiophene ring of DTE–TPE-O
located at 1.85 ppm, and for DTE–TPE-C the –CH3 group shift
is located at 2.04 ppm. The ratio of these two integrals gives a
ring-closing yield of 95%.

Scheme 1 (a) Synthetic procedure for DTE–TPE.

Fig. 1 Purity and isomerization yields of DTE–TPE-O and DTE–TPE-C. (a)
Chromatograms of TPE–DTE in the open form and PSS. Mobile phase = 3%
hexane in DCM. (b) 1H NMR spectra of TPE–DTE (4 mg mL21) in the open form
and PSS, after 30 min of 365 nm irradiation in CD2Cl2.
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UV-vis absorption properties

Fig. 2 shows the absorption spectra of DTE–TPE upon
irradiation with 365 nm light when in THF, as nanoparticles
(water : THF = 95 : 5, v/v) and as a solid film. DTE–TPE
underwent a photochromic reaction in THF, nanoparticles and
the solid state upon irradiation with 365 nm light for 1 min.
The open form, DTE–TPE-O, did not show strong absorption in
the visible region above 400 nm. The absorption band in the
visible region (lmax = 610 nm) was assigned to the closed form,
DTE–TPE-C. Upon 365 nm UV irradiation at 0.97 mW (photon
flux: 2.8 6 1029 Einstein) for 20 s, DTE–TPE in THF and in
PMMA attained 98% and 96% absorbance at the 365 nm PSS
(the equilibrium state under 365 nm irradiation) respectively,
while DTE–TPE nanoparticles attained about 90% of the PSS
upon 1 min of 365 nm irradiation, probably due to the light
scattering of the DTE–TPE nanoparticles. (Fig. 2a–c). The
opposing cycloreversion process takes around 3 min in THF,
indicating a slightly slower process compared to the ring-
closure process (Fig. S1, ESI3). This indicates that molecular
chain rigidity and skeleton motion blocking in the nanopar-
ticles slows down the photochromic reaction. The absorbance
of DTE–TPE increased and decreased reversibly in solution
and in the nanoparticles and PMMA films with alternating UV
and visible light irradiation, demonstrating the highly
reversible and bistable photochromism of DTE–TPE. (Fig. 2d)
Optimized structures of both the ring-opening and ring-
closing isomers of DTE–TPE via density functional theory
(DFT) are shown in Fig. S2, ESI.3 In the open form, DTE–TPE-
O, the HOMO is delocalized over the entire molecule with
significant orbital density on both the TPEs and the thiophene
rings. Comparably, the HOMO in DTE–TPE-C is focused on the
core between the thiophenes due to the strong electron-
withdrawing potential of pentafluorocyclopentene. The
LUMOs of DTE–TPE-O and DTE–TPE-C are focused around
the pentafluorocyclopentene.

Photoswitchable aggregation-induced emission properties

In this work, DTE–TPE was selected as an ideal fluorophore
because of the large Stokes shift (labs = 340 nm, lem = 520–540
nm), as well as the strongly enhanced fluorescence in the
PMMA film, which can be optically switched with a switching
ratio of 40 (Fig. 3a), and in the nanoparticle state (Fig. 3b and
Fig. S3, ESI3), compared with DTE–TPE in solution. The AIE
behavior can be investigated using THF–water measurements,
in which the PL intensity is monitored during the gradual
addition of water (anti-solvent) in different amounts to a dilute
THF (solvent) solution of DTE–TPE. Fig. 3b shows a gradual
increase of the PL intensity as the water fraction is increased,
providing clear evidence of AIE. At a high water content, nano-
precipitation occurs (see Fig. 3b inset), which hinders the
internal bond motions of the TPE end-groups with a
subsequent enhanced emission. This is in sharp contrast to
the fluorophore in pure THF, in which the internal bond
motions are excessive, and non-radiative emission dominates.

The optimal excitation wavelength for fluorescence readout
was screened by monitoring the change in the fluorescence
intensity of the DTE–TPE-O film under continuous excitation
at different wavelengths (Fig. S4, ESI3). When the DTE–TPE-O
film was irradiated with a 440 nm readout light (200 mW cm22)
to induce the fluorescence excitation of DTE–TPE, the strong
green fluorescence of DTE–TPE-O as well as the almost
quenched fluorescence of DTE–TPE-C were monitored with a
fluorescence on–off switching ratio of 10 : 80 (Fig. 3c).
Continuous excitation with 440 nm light caused no detectable
change of intensity at 530 nm for either DTE–TPE-O or DTE–
TPE-C, indicating the preservation of the bistability of DTE–
TPE. After one hour of continuous excitation with a 440 nm
readout light (200 mW cm22), the fluorescence intensity at 530

Fig. 2 Optical properties of DTE–TPE. Absorption spectra of DTE–TPE: (a) at 3
wt% in a PMMA matrix, (b) in THF (5 6 1025 M) and (c) in water : THF 95 : 5 (v/
v) (5 6 1025 M) at different 365 nm light irradiation times. (d) Cycling behavior
of DTE–TPE from the open to closed forms in the solid state, monitored at 610
nm using visible light and UV light.

Fig. 3 Fluorescence properties of DTE–TPE: (a) fluorescence spectra of DTE–TPE-
O and DTE–TPE-C in the solid state (excitation at 440 nm), (b) emission spectra
of DTE–TPE in different THF–water solvent mixtures (concentration = 1 6 1024

M, excitation at 385 nm); the inset shows the TEM image after evaporation of
90% of the water fraction, showing a nanoparticle size of y250 nm, (c)
reversible fluorescence switching of DTE–TPE in the solid state (excitation at 440
nm, emission at 530 nm) using visible light and UV light, (d) change in the
fluorescence intensity (at 530 nm) of DTE–TPE-O and TPE–DTE-C in the solid
state with excitation at 440 nm.
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nm of TPE-DTE-O causes only a 7% reduction in emission
intensity for DTE–TPE-O, and the increase of the quenched-
state DTE–TPE-C fluorescence intensity is negligible. (Fig. 3d)
This indicates that both the TPE–DTE-O and TPE–DTE-C forms
are relatively photostable upon 440 nm excitation, which
enables a relatively low-destructive fluorescence readout.

Scheme 2 illustrates the photochromism of DTE–TPE and
the mechanisms of solution quenching and enhanced solid-
state fluorescence. Non-radiative decay channels are open in
solution due to excessive internal motions within the
molecule, which result in quenching and non-fluorescence.
In contrast, the solid state results in restriction of intramole-
cular rotations (RIR) of the molecules, and subsequent
enhanced emission. After transformation to the closed form,
the new peak at around 600 nm in the absorption spectra
overlaps with the TPE emission, and energy transfer occurs
which results in quenching of the emission. This process can
explain the ‘‘on-state’’ and ‘‘off-state’’ phenomenon in the
solid state of DTE–TPE-O and DTE–TPE-C, respectively. Photos
of both of the isomeric forms in the solid state (Fig. 4) clearly
show the changes in colour and fluorescence of the open and
closed forms. AIE can be further confirmed by a comparison of
the fluorescence quantum efficiencies (WF) in solution and in
PMMA using diphenylanthracene as the fluorescence standard
(Wcyclohexane = 90%, WPMMA = 83%).34 The WF is 14 times higher
in PMMA (W = 4.2%) than in solution (W = 0.3%). Although the

molecules are isolated in the PMMA matrix, as in solution, the
rigid PMMA polymeric matrix efficiently hinders the internal
rotations of the TPE end-groups, therefore enhancing the
fluorescence efficiency.33 After UV-irradiation and cyclisation
to the closed form, considerable quenching is observed (W =
0.1%).

Photoswitchable patterns

The strongly enhanced fluorescence of DTE–TPE-O and the
quenched fluorescence of DTE–TPE-C, both of which are
stable in the condensed state, produce a high and constant
fluorescence on–off switching ratio, ensuring the accurate
readout of information. The macroscopic and microscopic
photoswitching patterns are fabricated for the demonstration
of photochromism and photoswitching (Fig. 5). It is note-
worthy that the colors of the pattern in the dark are a result of
fluorescence. Colorless species produce blue-green emission
while blue patterns under room light are non-fluorescent in
the dark (Fig. 5a). The patterns are repeatedly recovered both
for photochromism and fluorescence switching. By employing
the patterned illumination through the square-patterned
contact mask, we successfully demonstrated that the different
microsized images could be effectively and reversibly recorded
(.440 nm), erased (UV light), and read out (y440 nm) in the
solid state (Fig. 5b). The fluorescent patterns with different
colors (365 nm UV excited blue-green emission, and blue light
excited green emission) are attributed to the excitation
wavelength-dependent emission of DTE–TPE in the solid
state. It is found that the maximum emission wavelengths
depend on the excitation wavelengths (Fig. S5, ESI3). The
emission peak shows a red-shift from 480 nm to 550 nm when
the excitation wavelength increases from 400 nm to 480 nm.
This excitation wavelength-dependent emission appears to
undergo a stronger red-shift when excited at the red edge of its

Scheme 2 Schematic of DTE–TPE-O and DTE–TPE-C showing photochromism
and fluorescence/quenching in solution and the ‘‘aggregate’’ state respectively.

Fig. 4 Photos of the DTE–TPE-O and DTE–TPE-C powders in daylight against a
white background, and under UV light (365 nm) against a black background.

Fig. 5 Macroscopic and microscopic erasable fluorescence photoimaging. (a)
Reversible photochromic (colorless to blue color, left) and fluorescent (blue-
green emission to non-emission under 365 nm excitation, right) patterns.
Samples prepared using a dilute DTE–TPE solution (CH2Cl2) and writing with a
glass capillary tube on a glass TLC plate; (b) reversible fluorescent micropattern
under fluorescence microscope upon visible light and UV irradiation. Excitation
light: blue light (y440 nm). Samples prepared using a dilute DTE–TPE solution
(CH2Cl2) drop-cast on a glass slide.
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absorption spectrum, which suggests a possible red-edge
effect (REE),35–37 although this hypothesis has not been
verified.

Super-resolution fluorescent imaging

Through the repeated and reversible optical imaging of
photoswitchable fluorophores, it is possible to reconstruct
the fluorescence patterns with nanoscale resolution beyond
the optical diffraction limit.22–24,38 DTE–TPE is used as a novel
super-resolution imaging agent for sub-wavelength nanostruc-
tures. Our fluorescence images are reconstructed by the high-
precision localization of individual photoswitchable fluoro-
phores which are switched on and off at different wavelength
excitations. Fluorescence switching of DTE–TPE is essential in
super-resolution fluorescence imaging, thus we prepared the
DTE–TPE spin-coated film and inspected the imaging resolu-
tion. We distinguished the vicinal DTE–TPE emitters and their
distribution in the solid film with a home-made localization-
based super-resolution microscope (Fig. 6). In comparison to
the conventional fluorescent image (Fig. 6a), the super-
resolution image (Fig. 6b) is much clearer and makes the
emitters more distinguishable. The magnified conventional
fluorescent image is not of sufficient resolution to distinguish
between the vicinal DTE–TPE emitters (Fig. 6c). In compar-
ison, a much more distinct image is obtained with sub-100 nm
resolution by the super-resolution imaging mode (Fig. 6d). The
smallest distance between DTE–TPE emitters, which can be
observed in the super-resolution image, was determined

(Fig. 6e). The DTE–TPE pairs shown in Fig. 4d were measured
as being 81 nm apart (Fig. 6e). The full width in half maximum
(FWHM) of the two emitters was measured as about 52 nm and
60 nm, respectively. It is noteworthy that the emission
intensities of the individual emitters are different, which is
probably attributed to the aggregation of DTE–TPE molecules
to some extent. The results indicate that DTE–TPE, as a novel
super-resolution imaging agent, enables sub-100 nm fluores-
cence imaging.

Conclusions

In summary, we have demonstrated a novel and unique route
to a highly erasable optical molecular switch which utilizes the
photochromic switching of AIE-active DTE–TPE. DTE–TPE, a
photochromic group, which features a large Stokes-shifted
emission (180–200 nm) and solid state enhanced fluorescence,
was employed as the main component of an optical molecular
switch. The super-resolution fluorescence nanolocalization
indicates that vicinal DTE–TPE emitters are distinguishable
with sub-100 nm resolution, which is higher than in
conventional fluorescent imaging. As a novel fluorescent-
switchable material, the DTE–TPE conjugate has the potential
for utilization in localization-based super-resolution imaging
as an alternative optical nanoimaging agent.
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M. Thelakkat and J. Köhler, Angew. Chem., Int. Ed., 2011,
50, 11405.

19 P. Zacharias, M. C. Gather, A. Köhnen, N. Rehmann and
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