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A photo- and proton-dual-responsive fluorescence switch
based on a bisthienylethene-naphthalimide dimer was de-
scribed. Security data storage based on this dual-responsive
fluorescent molecular switch was proposed and demon-
strated.

Efficient regulation of fluorescence in molecular systems
has raised considerable interest in recent years because of
its significant potential application in fluorescent probes,[1]

sensors,[2] memory devices,[3] logic gates,[4] etc. A large
number of fluorescent molecular switches with response to
light,[5] temperature,[6] electrochemical potential,[7] pH,[2a,8]

and metal ions[2b,9] have thus been investigated. However,
most of these systems show on/off switching of fluorescence
in only single-mode stimulus–response. For further practi-
cal applications, and also to enhance the multifunctionality
of these systems, it is better to combine highly integrated
modes into a single molecular unit that can exhibit multire-
sponsive modulation of luminescence.[10] As far as optoelec-
tronic devices are concerned, a molecule that can undergo
different types of transformations depending on the type of
external stimulus is expected to play a significant role in
multiple-mode and complex information processing.[11] For
example, recent progress in information technologies has
triggered an increased need for data protection and data
security.[12] In the case of security needs, some very impor-
tant or private information needs to be safely protected,
that is, the recorded information can be firstly concealed
and then secondly displayed in another mode when needed.
However, with the use of traditional single-mode stimulus–
response molecules as storage media, it is hard to achieve
such a function. The development of multiresponsive fluo-
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rescence molecules may provide a solution to this problem
in which the whole process of writing, concealing, and dis-
playing of the information can be effectively realized by
comprehensively utilizing the different responsive modes of
one molecule.

As a result of their good light stability, high fluorescent
quantum yield, and facilely modified characteristics, naph-
thalimide derivatives have been widely exploited for studies
related to molecular switches and light-emitting devices.[13]

In our previous work, we reported a novel naphthalimide
dimer tethered by a photochromic bisthienylethene bridge
(BTE-NA), which was prepared by a Suzuki coupling
method. On the basis of energy transfer, reversible high-
degree fluorescence modulation of the naphthalimide chro-
mophore was successfully realized by photoisomerization of
the bisthienylethene subunit in polymer matrices.[14] Pre-
vious studies showed that fluorescence emission of 1,8-
naphthalimide is strongly controlled by the electronic prop-
erties of the substitution group. Substitution at the 4-posi-
tion of 1,8-naphthalimide with an electron-accepting group
will quench the fluorescence, whereas an electron-donating
group could cause strong fluorescence emission, which is a
consequence of the push–pull conjugated electron system
that exists over the whole molecule and leads to strong in-
ternal charge transfer.[15] Further studies showed that the
push–pull electronic properties of the 4-positon of 1,8-
naphthalimide can be tuned by an external proton source.
Thus, the molecule will show a tunable fluorescence re-
sponse to both light and proton sources. In this communi-
cation, we intensively study the dual responsive property of
BTE-NA and also demonstrate its application in security
data storage. To the best of our knowledge, this is the first
example of a security data storage device that uses a dual-
responsive fluorescent molecular switch. The results will be
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of importance for the development of a strategy to realize
security data storage by using sensitive fluorescence as a
detection method.

Scheme 1 represents the structure and dual-mode fluo-
rescence switching principles of BTE-NA. As can be seen,
photochromic and proton-sensitive components coexist in
the BTE-NA molecule and, in addition, the electron-donat-
ing morpholine group occupies the 4-positon of the 1,8-
naphthalimide functionality. With the 4-morpholine group
as the donor and the naphthalimide moiety as the acceptor,
this compound emits strong fluorescence that is due to the
large push–pull conjugated electron system existing over the
whole molecule.[15] Upon irradiation of the molecule at
365 nm, its fluorescence is efficiently quenched by energy
transfer from naphthalimide to the bisthienylethene unit,
and it can be recovered by visible light irradiation
(Scheme 1). The fluorescence quantum yield, ring-opening,
and ring-closing quantum yield of BTE-NA at the photo-
stationary state were determined as 0.42 (Rhodamine B in
tetrahydrofuran as a reference), 0.31, and 0.38, respectively.
Meanwhile, the addition of external protons into the initial
molecular system shields the unpaired electron of nitrogen
in morpholine, which causes it to lose its electron-donating
ability; thus, the fluorescence is quenched. Deprotonation
of morpholine restores the fluorescence (Scheme 1). As dif-
ferent wavelengths of light can be alternately irradiated and

Scheme 1. Photo- and proton-controlled fluorescence switching
principle of BTE-NA.
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protonation and deprotonation can be reversibly carried
out, such a dual-responsive fluorescence switch would be
able to operate reversibly.

Figure 1 shows fluorescent spectra of BTE-NA in a
CH2Cl2 solution before and after irradiation. From Fig-
ure 1a, it can be seen that BTE-NA initially exhibits strong
fluorescence emission. Upon irradiation with 365 nm light,
the photochromic bisthienylethene unit is converted from
the open- to closed-ring form and the fluorescence is ef-
ficiently quenched by intramolecular energy transfer. Back
irradiation at wavelengths greater than 510 nm regenerated
the open ring form and restored the original emission spec-
trum (Figure 1b). So, the intensity of naphthalimide fluo-
rescence is conveniently regulated by alternate irradiation
with UV and visible light. Such a photoswitch of fluores-
cence is dictated by the binary state, which means that the
binary data stored in the two isomers can be transduced
into the fluorescence signal and readout conveniently.

Figure 1. (a) Fluorescence spectra of BTE-NA (10–5molL–1) in
CH2Cl2 before (solid line) and after (dashed line) irradiation with
365 nm light for 5 min at room temperature. (b) The modulated
emission peak intensity (excited at 400 nm) of BTE-NA
(10–5molL–1) in CH2Cl2 during alternating irradiation at 365 nm
and �510 nm.

To investigate the proton-responsive properties, the emis-
sion spectra of BTE-NA by protonation/deprotonation
were measured. Figure 2a shows the fluorescent spectral
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change of BTE-NA with different acid concentrations. As
can be seen, the addition of CF3COOH to a solution of
BTE-NA in CH2Cl2 (10–5molL–1) led to fluorescence re-
duction, and the fluorescent intensity decreased with in-
creasing amounts of CF3COOH added to the solution.
When the acid concentration of the solution was increased
to 131.0 m, fluorescence was almost quenched. On this
basis, treatment of the sample with an acid-equivalent
amount of NEt3 can restore the initial fluorescent spectra,
which is evidenced in Figure 2b. From Figure 2b, it can be
seen that the initial (without acid addition) and the final
spectrum (after NEt3 addition) of BTE-NA coincide, which
indicates that the present system can be switched on or off
in a totally reversible manner by protonation and deproton-
ation with CF3COOH and NEt3, respectively. Such a pro-
ton-controlled fluorescence emission coupled with a photo-
chromic switch makes it possible to use BTE-NA as a secu-
rity data storage device by using fluorescence as a readout
method.

Figure 2. (a) Fluorescence spectra of BTE-NA (10–5molL–1) with
different acid concentrations (0–131.0 m) in CH2Cl2, The acid is
trifluoroacetic acid (CF3COOH). (b) Fluorescence spectra of BTE-
NA (10–5mol L–1) in CH2Cl2. First, spectra without acid addition
were measured (solid line), second, CF3COOH (131.0 m) was
added (dashed line), and third, the acid-equivalent amount of NEt3

was added for deprotonation (dotted line).

To demonstrate the possibility of using BTE-NA for se-
curity data storage, a recording experiment was performed
by utilizing a BTE-NA doped PMMA film (BTE-NA/
PMMA, 1:50, by weight). The film was coated onto quartz
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substrates under ambient conditions. The fluorescent image
of the film was observed with a digital camera, with exci-
tation at 440 nm. The initial fluorescent image of the film
is shown in Figure 3a. A “Beijing map” photomask was
then placed on the film, and the sample was irradiated with
365 nm light. After this, the mask was removed and the
image was successfully transferred to the polymer film as a
fluorescence pattern. Figure 3b illustrates a representative
image generated by these experiments, in which the areas
exposed to 365 nm light are dark and the masked areas ap-
pear luminescent. Subsequent exposure of the film to a
vapor of CF3COOH will cause the fluorescence image to
disappear (Figure 3c). On treating the film with NEt3 vapor,
the fluorescent information can be restored and the image
reappears. Thus, the stored data can be concealed by acid
treatment and recovered by deprotonation if needed. On the
basis of fluorescence with the use of light and proton
sources, the overall write–conceal–display process of infor-
mation in security data storage was successfully demon-
strated.

Figure 3. Fluorescence image of BTE-NA-PMMA film deposited
on quartz (λex = 440 nm). (a) Fluorescence image of the film before
irradiation. (b) Fluorescence image generated from 365 nm irradia-
tion (5 min) of the film through a contact mask of Beijing map.
The light regions indicate luminescence and the dark regions are
nonluminescent. Back irradiation at a wavelength greater than
510 nm will erase the pattern. (c) After adding CF3COOH vapors,
the pattern disappears. The reversible process could be realized by
adding NEt3 vapors, that is, the pattern reappears after NEt3 va-
pors are added.

In summary, a photo- and proton-dual-responsive fluo-
rescence switch based on a bisthienylethene-naphthalimide
dimer was described. Reversible dual-switch of the fluores-
cence emission in BTE-NA by light and proton sources was
successfully realized. The dual-switch mechanism involves
the photoinduced energy transfer and proton-controlled
electronic properties of the compounds. On this basis, secu-
rity data storage based on such a dual-responsive fluores-
cent molecular switch was proposed and demonstrated.
This study suggests that BTE-NA and other similar fluores-
cent molecular switches with dual-responsive properties
may have promising applications in solid-state sensors, bio-
analysis, and multifunctional optoelectronic devices, and it
will throw new light on the design of multifunctional mate-
rials for security recording.

Experimental Section
Fluorescence emission spectra were recorded with a Hitachi F-4500
Fluorescence Spectrophotometer. UV irradiation was performed by
using a 100 W mercury lamp (B-100AP, UVP, Inc.) operating at
12.5 mWcm–2 for 365 nm. For visible irradiation, light from a solar
simulator (CMH-250, Aodite photoelectronic Technology Ltd., Be-
ijing) was passed through a 510 nm cutoff filter. To prepare the
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BTE-NA doped PMMA film for data storage, the BTE-NA and
PMMA were mixed together with a weight ratio about 1:50 in
tetrahydrofuran (THF) (the concentration of BTE-NA is
10–3 mol L–1), and the thin film was coated onto quartz substrates
in the ambient condition at room temperature. The fluorescent im-
age of the film was observed with a digital camera by using appro-
priate filters for blue-light excitation (440 nm). To treat the film
for fluorescent image by protonation/deprotonation, the vapor of
CF3COOH/NEt3 was fluxed for several seconds into a cell, which
contained the thin film deposit on one face. Dried air was used to
purge excess CF3COOH or NEt3 from the system before the other
was introduced. The process was monitored by watching whether
the recorded fluorescence pattern disappeared/reappeared with ex-
citation at 440 nm.
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