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A B S T R A C T   

A novel aggregation-induced emission (AIE) structure containing a tetraphenylethene (TPE) unit covalently 
linked with a spiropyran (SP) unit was synthesized and investigated in semi-aqueous solutions with 90% water 
fraction. The open-form structure of red-emissive merocyanine (MC) unit combined with TPE unit was utilized as 
a bi-fluorophoric sensor to detect lead(II) ion, which could be transformed from the close-form structure of non- 
emissive SP unit upon UV exposure. Moreover, the TPE unit as an energy donor with the blue-green photo
luminescence (PL) emission at 480 nm was combined with the MC unit as an energy acceptor with the red PL 
emission at 635 nm. Due to the Förster resonance energy transfer (FRET) processes, the bi-fluorophoric sensor 
produced more efficient ratiometric PL behavior to induce a stronger red PL emission than that of the mono- 
fluorophoric MC unit. Hence, the PL sensor responses of the AIE bi-fluorophoric structure toward lead(II) ion 
could be further amplified via the FRET-OFF processes to turn off red PL emission of the coordinated MC acceptor 
and to recover blue-green PL emission of the TPE donor. Accordingly, the best LOD value for the AIE sensor 
detection toward Pb2+ was 0.27 μM. The highest red MC emission with the optimum FRET process of AIE sensor 
could be utilized in cell viability tests to prove the non-toxic and remarkable bio-marker of AIE sensor to detect 
lead(II) ion in live cells. The developed FRET-OFF processes with ratiometric PL behavior of the bi-fluorophoric 
AIE sensor can be utilized for future chemo- and bio-sensor applications.   

1. Introduction 

Heavy metals, for example nickel (Ni), chromium (Cr), cadmium 
(Cd), lead (Pb), copper (Cu) and zinc (Zn), in industrial wastewater have 
been a major source of contamination to our environment [1,2]. Among 
them, lead (Pb) is the most commonly-found pollutant in soil [3], water 
and air due to its usage in many commercial processes, such as con
struction, piping systems, lead-acid batteries, solder and radiation 
shielding. Upon consuming, lead poisoning can cause irreversible 
damages in human body, including brain and kidney anemia, severe 
stomach pain, muscle weakness and other related genetic diseases. The 
maximum allowable concentration of lead ions in drinking water is 4.8 

μM according to World Health Organization (WHO)’s guideline [4]. 
Although many instruments for Pb2+ detection have been developed for 
practical applications, there are few reports on highly-selective, rapid 
and low-cost lead ion detection methods. Since fluorescent sensors have 
played one of the important roles in detecting metal ions in recent years 
[5–7], the interests of developing novel fluorescent sensor probes to
ward lead ion detection have grown significantly. So far, the recognition 
of Pb2+ via the electrostatic interaction and chelation are normally 
utilized for fluorescent lead ion sensors [8]. For instance, some elec
trostatic interaction [9] and chelation examples [10] can be used as 
turn-on and turn-off fluorescent Pb2+ sensor probes. Due to the negative 
charge on the open merocyanine (MC) form by UV exposure [11–13], it 
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can induce the properties of aggregation induced emission (AIE) easily 
along with the enhanced water solubility, which lead to efficient 
detection of lead ions in aqueous media [14]. 

Nowadays, smart materials have received many attentions, owing to 
their numerous physical properties (light, pH, temperature and pres
sure) sensitive to external stimuli [15–18]. With distinctive photo
chromic properties in smart materials, molecules can exhibit different 
absorptions, structures and other characteristics upon UV–Vis irradia
tion [19,20]. The molecular designs in various applications, such as 
mechanical arms [21–23], textile, sensors [24] and safe labels [25,26], 
have explored the possibilities of incorporating the photochromic 
properties, including optical switchable fluorescent structures contain
ing diarylethene [27], spiropyran [28] (SP), azobenzene [29], over
crowded ethene. Among them, spiropyran-based materials have been 
widely studied because of their rapid response, high sensitivity and 
modifiability. Upon UV and visible light exposures, the close SP unit can 
undergo reversible isomerization processes and transfer to the open MC 
unit. The SP to MC isomerization can also be triggered by different 
external stimuli, in particular, solvent [30], acid/base [31], temperature 
[32], metal ion, and mechanical force. 

Fluorescence switches have attracted many interests in sensor de
velopments recently, due to their advantages of fast response time, high 
sensitivity and good selectivity [33]. However, for traditional fluores
cent dyes, PL emissions can only be observed in specific organic solvents 
or dilute solutions. In the conditions of high concentrations or solid 
states, most planar fluorescent molecules prefer strong π-π stacking in
teractions, resulting in aggregation caused quench (ACQ) phenomena 
[34–36]. Another type of fluorescence switching, developed by Tang 

and coworker in 2001, takes advantages of AIE phenomena [37–39], 
which show strong PL emissions in their aggregation states due to the 
restriction of their rotational degrees of freedom upon the self-assembly 
of TPE units. 

Among many AIE systems, including distyreneanthracene (DSA) 
[40], hexaphenylsilole (HPS) [41], tetraphenylethylene (TPE) unit 
shows promising potentials. A variety of TPE derivatives with AIE 
properties have been synthesized and show excellent efficiency and 
sensitivity. These derivatives can be incorporated in chemical sensors 
[42], biological probes [43–45], drug deliveries [46] and hydrogels as 
well as many practical applications in different fields. In addition, the 
combination of TPE and other ACQ fluorophores will facilitate various 
AIE effects which are able to achieve high emission efficiencies easily 
[47]. Förster resonance energy transfer (FRET) is recognized a radiative 
energy transfer process, and it is widely applied in fluorescent sensing 
and energy harvesting [48,49]. Upon photoexcitation, the excited state 
donor can transfer the energy to ground state acceptor chromophore 
through dipole-dipole coupling. As a highly distance-dependent process, 
FRET requires a suitable donor-acceptor distance to be smaller than 10 
nm, which requires the significant overlap of the donor emission to the 
acceptor absorption spectrum [50]. In fluorescent sensing, PL emission 
sensitivities are essential to be detected by subtle changes of analyte 
concentrations [51,52]. The contrast of ratiometric emissions in a 
bi-fluorophoric system can be magnified via triggering the FRET process 
between two fluorophores [53]. Therefore, the FRET ON/OFF mecha
nism is extensively used in sensor applications, including medical 
diagnosis [54], biological analysis [55], and optical imaging [56]. 

As shown in Scheme 1, we have designed and synthesized a mono- 

Scheme 1. (a) Synthetic routes of (TPE-SP-P) and (TPE-MC-P) (b) cartoon illustration of FRET effect upon UV/Vis exposure.  
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fluorophoric TPE-SP-P (with close SP form), which could be photo- 
switchable by UV exposure to become a bi-fluorophoric sensor mate
rial (TPE-MC-P) containing TPE and merocyanine units with respective 
AIE and AIEE behaviors. Since TPE unit behaves as an energy donor and 
merocyanine unit acts as an acceptor, the ratiometric FRET-ON emission 
of bi-fluorophoric sensor material (TPE-MC-P) was observed in THF/ 
H2O (10/90) solution. Thus, the FRET sensor with a proper probe design 
can be utilized to analyze environmental and biological contaminations, 

and thus to show high selectivity and sensitivity towards lead ion 
detection. 

2. Results and discussion 

2.1. Water effects on AIE and FRET behaviors 

Bi-fluorophoric compound TPE-MC-P was developed as a FRET 

Fig. 1. (a) PL spectra of TPE-MC-P and (b) PL intensities at 480 nm and 635 nm of TPE-MC-P in THF/H2O solutions (50 μM) with different water fractions upon UV 
exposure, λex = 365 nm. Insets: Photo-images of photoluminescence color changes at 0 and 90% H2O. (λex = 365 nm). 

Fig. 2. Time-dependent (a) PL spectra and (b) PL intensity at 635 nm of MC-P; (c) PL spectra and (d) respective PL intensities at 480 nm and 635 nm of TPE-MC-P in 
THF/H2O (10/90 vol) solutions (50 μM) upon UV exposure. Insets: Photo-images of PL color changes before and after UV exposure. (λex = 365 nm). 
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sensor materials in this study, so mono-fluorophoric compounds TPE- 
OH and MC-P (see Scheme 1 and Schemes S1–S3) were designed to 
study their AIE behaviors in THF/H2O solutions (with different water 
contents) as well as to compare the contributions of TPE unit as an en
ergy donor and merocyanine (MC) unit as an acceptor. In order to 
explore the AIE and FRET behaviors, all UV–visible and photo
luminescence (PL) properties of our fluorophoric materials containing 
TPE and/or MC units were investigated firstly, including mono- 
fluorophoric compounds TPE-OH and MC-P along with bi- 
fluorophoric compound TPE-MC-P and analogous mixture TPE-OH/ 
MC-P (i.e., TPE-OH:MC-P = 1:1 M ratio). The UV–visible spectra of 
compounds TPE-OH, MC-P, TPE-MC-P and TPE-OH/MC-P in THF/H2O 
(10/90 vol) solutions with the best PL properties are illustrated in 
Fig. S10. As shown in Fig. S11a and Fig. S11b, mono-fluorophoric 
compound TPE-OH has a regular AIE behavior with strong blue-green 
emissions at 480 nm with high water fractions (≥70% H2O) and rea
ches the highest PL emission at 90% H2O. On the other hand, mono- 
fluorophoric compound MC-P as an energy acceptor was found to 
have the largest absorption peak at 480 nm in Fig. S12, which matched 
with the emission wavelength of TPE-OH as a donor. The overlap be
tween TPE-OH emission and MC-P absorption is well performed in our 
design strategy for an efficient FRET process in photo-switchable ma
terials. As shown in Fig. 1a and Fig. 1b, the AIE phenomena of TPE-MC-P 
in THF/H2O solutions reveal continuous growths of red PL emissions by 
increasing water contents (except 70% H2O due to the AIEE behavior of 
MC unit), and the highest red PL emission at 635 nm was observed at 

90% water fraction, where the blue-green TPE emissions at 480 nm of 
TPE-MC-P is weaker than that of TPE-OH owing to the FRET process of 
the energy transfer from TPE donor to MC acceptor. In the meanwhile, 
MC-P in THF/H2O solutions exhibited AIEE behavior by increasing 
water contents in Fig. S11c and Fig. S11d, in which red PL emission 
reached the highest intensity at 60% H2O. Therefore, the reduction of 
red emission at 635 nm for TPE-MC-P with 70% H2O in Fig. 1b was 
mainly induced by AIEE behavior of MC-P, and thus to regain higher red 
emissions at water fractions ≥80% and to reach the maximum red 
emission for TPE-MC-P at 90% H2O were offset by AIE effects of TPE 
donor along with FRET processes between TPE donor and MC acceptor. 
Accordingly, the highest red PL emission and the best FRET process of 
TPE-MC-P at 90% H2O was chosen for sensor detection of metal ions and 
related applications in this report thereafter. In addition, the AIE ex
periments of mono-fluorophoric TPE-SP-P (with close SP form) in THF/ 
H2O solutions (with different water contents) were also carried out to 
demonstrate its AIE behavior in Fig. S11e and Fig. S11f similar to that of 
model compound TPE-OH. 

Compared with TPE-MC-P, analogous mixture TPE-OH/MC-P was 
prepared by mixing compounds TPE-OH and MC-P with 1:1 M ratio to 
further study the results and feasibilities of our FRET sensor material 
TPE-MC-P. Among all fluorescent compounds MC-P, TPE-MC-P and 
mixture TPE-OH/MC-P, the highest red PL emission of TPE-MC-P was 
acquired as shown in Fig. S13, which also confirmed the better energy 
transfer of FRET in TPE-MC-P than that in mixture TPE-OH/MC-P. The 
PL quantum yield (QY) values of TPE-OH, MC-P and TPE-MC-P in THF/ 

Fig. 3. (a) PL spectra of TPE-MC-P in THF/water (10/90 vol) solutions (50 μM) mixed with 50 μM of different metal ions and (b) relative PL ratios of TPE-MC-P upon 
the addition of various metal ions: (1) TPE-MC-P, (2) Al3+, (3) Fe3+, (4) Ca2+, (5) Cd2+, (6) Fe2+, (7) Hg2+, (8) Na+, (9) Ni2+, (10) K+, (11) Cu2+, (12) Zn2+, (13) 
Mg2+, (14) Pb2+ and (15) Sn2+. (c) PL spectra of TPE-MC-P and (d) relative PL intensities of TPE-MC-P (50 μM) titrated with various concentrations of Pb2+. Insets: 
Photo-images of photoluminescence color changes before and after mixing with different metal ions. (λex = 365 nm). 
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Fig. 4. (a) Dynamic light scattering (DLS) analysis of TPE-MC-P and (b) TRPL spectra of related compounds (λex = 375 nm). Powders XRD patterns of TPE-MC-P (c) 
2D, (d) 1D spectra. Cartoon representations of (e) aggregation of TPE-MC-P and (f) TPE-MC-P coordinated with Pb2+. Insets: Scanning electron microscope (SEM) 
images of acquired nanoparticles from their THF/H2O (10/90 vol) solutions (50 μM) before and after detections. 
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H2O (10/90 vol) solutions were measured in contrast to known fluo
rescent standards of “9,10-diphenylanthracene” with QY = 100% (λex =

350 nm) and “rhodamine 6G” with QY = 95% (λex = 488 nm). The 
fluorescence quantum yields of all products are summarized in Table S1. 

The close-form of the non-emissive SP-P (the SP unit) can be trans
formed into the open-form of the red emissive MC-P (the MC unit) upon 
UV exposure (λ = 365 nm, according to the UV–visible spectra of 
compound SP-P in THF/H2O (10/90 vol) solutions as shown in 
Fig. S14), which can be confirmed by the red emission of MC unit at 
580–700 nm with different UV exposure time from 0 to 80 s in Fig. 2a 
and Fig. 2b. Since the MC-P saturated red emission can be observed 
upon 80 s of UV exposure, the exposure time of 80 s will be chosen af
terward to receive the stable MC-P open-form in this study. Hence, the 
mono-fluorophoric TPE-SP-P can be photo-switched to a novel bi- 
fluorophoric TPE-MC-P upon UV exposure attributed to the red 

emissive MC unit as the energy acceptor for the Förster resonance energy 
transfer (FRET) process in Fig. 2c and d. Due to the FRET process, the 
considerable overlap of TPE donor emission to MC acceptor absorption 
in Fig. S12. The emission energy transferred from donor to acceptor 
improves the FRET efficiency of red emission in bi-fluorophoric TPE- 
MC-P. The blue-emission intensity of TPE donor at 480 nm was much 
reduced (ca. 10% left) in Fig. 2d after UV exposure, and the red emission 
of MC acceptor in TPE-MC-P was greatly enhanced ca. 4.2 times higher 
than that of MC unit alone in Fig. 2b after UV exposure. In general, the 
largely decreased blue-emission of TPE donor in TPE-MC-P after UV 
exposure is mainly because of the energy transfer given away via the 
FRET process, which is also confirmed by the theoretical study. In 
addition, the reversible changes of isomeric structures between TPE-SP- 
P (the close-form) and TPE-MC-P (the open-form) could be achieved by 
repeated UV irradiations (at 365 nm) and visible light, respectively, 

Fig. 5. (a) PL spectra of TPE-MC-P and (b) relative PL intensities of TPE-MC-P in THF/water (10/90 vol) solutions (50 μM) at 480 and 635 nm with different pH 
values (pH1 - pH13). (c) PL spectra of TPE-MC-P and (d) relative PL intensities of TPE-MC-P in THF/water (10/90) solutions (50 μM) at 480 and 635 nm upon 
heating (25–65 ◦C). 

Fig. 6. Computed optimized structures for TPE-SP-P, TPE-MC-P and TPE-MC-P + Pb2+. The distance between TPE and SP/MC units is marked in orange color.  
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which could be reversibly converted to each other for several times as 
shown in Fig. S15. 

2.2. Metal ion detections by TPE-MC-P 

Interestingly, both mono-fluorophoric MC-P and bi-fluorophoric 
TPE-MC-P (open-form) are not only photochromic structural isomers 
of corresponding SP-P and TPE-SP-P upon UV irradiation (at 365 nm), 
but also sensitive sensing materials toward metal ions. Firstly, the ex
periments of metal ion detection were conducted by mixing mono- 
fluorophoric MC-P in THF/H2O (10/90 vol) solutions (50 μM) with 
1.0 equivalent of various metal ions, including Al3+, Fe3+, Ca2+, Fe2+, 
Cd2+, Mg2+, Hg2+, Ni2+, Zn2+, Na+, K+, Cu2+ and Pb2+. Among all 
mentioned metal ions, lead ion (Pb2+) as the only analyte could be 
detected by mono-fluorophoric sensor MC-P as illustrated in Fig. S16a 
and Fig. S16b. In comparison with the sensor selectivity of mono- 
fluorophoric MC-P with the complete probe (i.e., MC unit plus 1,2-dia
lkoxybenzene pendant group, see Scheme S2) toward lead ion (Pb2+) 
over the other mentioned metal ions, a model compound MC-CH3 with 
the partial probe (i.e., without 1,2-dialkoxybenzene pendant group, see 
Scheme S3) was synthesized. As demonstrated in Fig. S16c and 
Fig. S16d, MC-CH3 showed a much poor metal ion sensitivity and a 
different selectivity toward Cu2+ (rather than MC-P toward Pb2+). When 
mono-fluorophoric MC-P captured Pb2+, the red fluorescence would be 
quenched, indicating that MC-P had the favorable selectivity and 
sensitivity toward lead ion as illustrated in Fig. S16a and Fig. S16b. Next, 
PL experiments of MC-P titrated with different concentrations of lead 
(II) ion was performed to draw out the Job’s plot to estimate the binding 
ratio of mono-fluorophoric sensor MC-P with analyte Pb2+. As shown in 
Fig. S17a and Fig. S17b, lead ion was gradually added to THF/H2O (10/ 
90 vol) solutions of MC-P, and thus to induce the gradual decreased PL 
emissions of MC-P at 635 nm upon the addition of Pb2+. In addition, 
when MC-P was titrated with different mole fractions of lead ions, the 
Job’s plot was proceeded by drawing out the equivalent of analyte Pb2+

with the maximum point in Fig. S18a, which could verify the binding 
ratio of 1:1 for MC-P complexed with lead (II) ion. Moreover, a possible 
binding structure of MC-P + Pb2+ in Fig. S18b illustrates that lone-pair 
electrons of phenolic oxygen and neighboring oxygens (from ether 
linkages) in MC-P could be chelated with the lead ion to eliminate the 
function of energy acceptor in MC via its coordination with Pb2+. 

In contrast to mono-fluorophoric MC-P, a better limit of detection 
(LOD) toward lead ion (Pb2+) sensing could be acquired by bi- 
fluorophoric TPE-MC-P due to its ratiometric PL emission and FRET 
behavior. As revealed in Fig. 3a and Fig. 3b, a similar sensing behavior of 
bi-fluorophoric TPE-MC-P toward lead (II) ion was found. With 
sequential increments of lead (II) ion concentrations, the regained blue- 
green TPE donor emissions at 480 nm and the reduced red MC acceptor 
emissions at 635 nm were observed in Fig. 3c and d because of the FRET- 
OFF processes induced by the coordination of lead ion with TPE-MC-P. 

Normally, it is easier for human eyes to observe the blue-green fluo
rescence among all emission colors. However, the appreciable spectral 
overlap as well as the suitable distance between TPE donor and MC 
acceptor units in TPE-MC-P sensor engendered an efficient FRET process 
from TPE to MC unit, which resulted in a much stronger red MC emission 
as shown in Fig. 3d, where the insets of PL photo-images demonstrate 
the changes before and after mixing with Pb2+ ion (λex = 365 nm).As 
reported by the World Health Organization (WHO), the maximum 
permissible limit of lead (II) ion concentration in drinking water is 4.8 
μM. Henceforth, to determine the sensitivities of TPE-MC-P and MC-P 
toward analyte Pb2+ based on the 3σ/k method [24], the best LOD of 
0.27 μM was achieved by TPE-MC-P in this study, while the LOD of 1.43 
μM for the detection of Pb2+ by MC-P is demonstrated in Fig. S19. 
Compared with some other sensor results [3,14,57] towards lead ion 
(Pb2+) detection shown in Table S2, the lowest LOD value (0.27 μM) and 
the shortest detection time (30 s) of TPE-MC-P has demonstrated the 
excellent sensor capability in this report. Accordingly, it is worth noting 
that the color change from the red to blue-green PL emissions via the 
FRET-OFF process would be beneficial as a novel FRET sensor material 
due to the ratiometric PL detection of lead (II) ions by bi-fluorophoric 
TPE-MC-P, which would be more sensitive than a single red emission 
quenching process by mono-fluorophoric MC-P. 

2.3. DLS, XRD and TRPL results 

To realize the aggregation sizes of our studied materials, dynamic 
light scattering (DLS) experiments were carried out to achieve the 
average diameters of all compounds (i.e., TPE-OH, SP-P, MC-P, TPE-SP- 
P, TPE-MC-P) and its lead-coordinated derivative (i.e., TPE-MC-P +
Pb2+), and their particle size distributions are illustrated in Fig. 4a and 
Fig. S20 along with Table S3. As shown in the inset of Fig. S20, the SEM 
morphology of TPE-OH (50 μM) was prone to form spherical aggregates 
obtained from THF/H2O (10/90 vol) solution, which was matched with 
the particle size around 265 nm in its DLS measurement. After UV 
exposure, both MC-P (d = 251 nm) and TPE-MC-P (d = 175 nm) in 
open-form have shown average sizes larger than the respective average 
sizes of their analogous close-form derivatives SP-P (d = 230 nm) and 
TPE-SP-P (d = 142 nm) before UV exposure, which could be attributed 
to the longer conjugated MC structure in both MC-P and TPE-MC-P after 
UV exposure to induce extended π-π conjugations and aggregations. It 
must be emphasized that the SEM morphologies of SP-P and MC-P are 
different from those of TPE-SP-P and TPE-MC-P, respectively, because 
the aggregation effects of SP and MC units were weaker than the TPE 
unit. The SEM morphologies of SP-P and MC-P were irregular, but in 
case of TPE-SP-P and TPE-MC-P the morphologies were regular block. 
Finally, the coordination of Pb2+ to TPE-MC-P (d = 180 nm) preceded 
its morphological change from regular block to irregular as demon
strated in Fig. 4e and f. 

As shown in Fig. S21, we studied XRD patterns of TPE-SP-P de
rivatives, including TPE-OH, SP-P, MC-P and TPE-SP-P powders. Thus, 
the X-ray diffraction (XRD) experiments of TPE-MC-P powders were 
performed (Fig. 4c and d). TPE-SP-P was difficult to crystallize because 
of its high molecular weight (MW = 863), which made it difficult to 
verify the molecular structure and packing of TPE-SP-P. In the wide- 
angle region, the relatively weak and broad diffraction peaks in solid 
powders of TPE-SP-P at 2θ = 37.1 and 15.7 corresponding to d-spacing 
values of 2.08 and 4.83 Å, respectively. In addition, as TPE-SP-P 
changed to TPE-MC-P after UV exposure, the XRD results did not show 
obvious variations in molecular arrangements regardless of their struc
tural changes. 

To further verify the FRET process from the blue-green emissive TPE 
donor to the red emissive MC acceptor, the average lifetime values of the 
TPE (donor) emission in TPE-OH, TPE-SP-P, TPE-MC-P, TPE-OH/MC-P 
(mixture of TPE-OH and MC-P in 1:1 M ratio) and its lead-coordinated 
derivative (i.e., TPE-MC-P + Pb2+) were investigated by time-resolved 
photoluminescence (TRPL) spectra (excited at λex = 375 nm and 

Table 1 
Absorption spectra computed at TD-M06-2X/6 31G(d)+SDD[Pb]//B3LYP/SDD.  

Compounds λ (Oscillator strength) Electronic transition 

TPE-SP-P 251 (0.32) 
218 (0.20) 

HOMO–13 → LUMO (62%) 
HOMO–4 → LUMO+1 (20%) 
HOMO–13 → LUMO+1 (44%) 
HOMO–17 → LUMO (27%) 

TPE-MC-P 475 (1.03) 
330 (0.32) 
302 (0.37) 

HOMO–1 → LUMO (92%) 
HOMO–4 → LUMO (52%) 
HOMO–3 → LUMO (12%) 
HOMO–1 → LUMO+2 (61%) 
HOMO–1 → LUMO+1 (24%) 

TPE-MC-P + Pb2+ 391 (0.23) HOMO–11 → LUMO (40%) 
HOMO–8 → LUMO (32%) 

‘Only absorptions involving excitations of the SP/MC units are listed. See SI for 
the full list of absorption peaks. Absorption wavelengths (λ) are given in nm, and 
only transitions with oscillator strengths (values in parenthesis) > 0.2 are listed. 
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monitored at λem = 480 nm of TPE emission) and illustrated in Fig. 4b 
and Table S2. In comparison with lifetime values of 7.65, 5.10 and 1.02 
ns in TPE-OH, TPE-SP-P and TPE-OH/MC-P, the most efficient energy 
transfer from the TPE donor to MC acceptor in TPE-MC-P was verified 
by its shortest lifetime of 0.44 ns in Table S2. Since the best FRET process 
was acquired by bi-fluorophoric TPE-MC-P, we can calculate the FRET 
efficiency (EFRET) of TPE-MC-P by the following formula: 

EFRET = 1 −
τDA

τD
=

(

1 −
τ(TPE− MC− P)

τ(TPE− SP− P)

)

=

(

1 −
0.44
5.10

)

≒91%  

where τDA and τD denote the fluorescence lifetime values of the bi- 
fluorophoric TPE-MC-P (i.e., FRET system) and mono-fluorophoric 
TPE-SP-P (i.e., without energy acceptor), respectively. Hence, the 

corresponding EFRET value of 91 % in TPE-MC-P was acquired owing to 
the prominent energy transfer between donor and acceptor. In contrast 
to the lifetime of TPE-MC-P (0.44 ns), TPE-MC-P + Pb2+ had a longer 
lifetime of 1.48 ns, which demonstrated the induced FRET-OFF process 
after the complexation of Pb2+ with TPE-MC-P. As a result, the signifi
cant FRET-OFF process of lead-coordinated derivative (i.e., TPE-MC-P 
+ Pb2+) took place and the blue-green donor emission was restored (at 
λem = 480 nm) to regain the longer lifetime of TPE (donor) emission. 
Therefore, the most effective FRET process and the significant ratio
metric PL behavior of the blue-green TPE donor emission (at 480 nm) 
and red MC acceptor emission (at 635 nm) have led to the highly po
tential FRET sensor applications of TPE-MC-P toward Pb2+ detection. 

Fig. 7. Molecular orbitals involved in SP/MC excitation of TPE-SP-P, TPE-MC-P and TPE-MC-P + Pb2+. The orbital energies were computed at M06-2X/6-31G(d)+
SDD[Pb]//B3LYP/SDD. 
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2.4. pH and temperature effects on FRET behavior 

Under severe conditions and environments, less fluorescence re
sponses to acidity/basicity and temperature are expected to possess 
these important features for general sensor applications. For the open 
form of TPE-MC-P, the fluorescence intensity changed dramatically in 
responses to the changes of pH values in Fig. 5. Under various acid and 
base environments (pH = 1–2 and 9–13), the intensities of red fluores
cent at 635 nm diminished due to the protonation/deprotonation in 
TPE-MC-P (Fig. 5a). Interestingly, the blue-green TPE donor emission 
could not be restored (see Fig. 5b), even if the FRET-OFF process 
occurred (by the quenching of red emission at 635 nm). However, as the 
pH value was maintained at pH = 3–9, the strong and stable red fluo
rescence behavior (i.e., FRET-ON) was still observed in TPE-MC-P, 
showing the practicality of our sensor over a wide range of pH values 
(3–9). 

Less temperature effects on the MC probe with reversible isomeri
zation reaction are expected for useful sensor applications. Therefore, to 
observe the changes of fluorescence emissions at different temperatures, 
the PL spectra in the open form of TPE-MC-P (under UV irradiation for 
80 s) were acquired in Fig. 5c among 25–65 ◦C, where the relative 
changes of PL intensity between TPE and MC units (at 480 nm and 635 
nm, respectively) is demonstrated in Fig. 5d. Interestingly, the blue- 
green TPE emission of TPE-MC-P at 480 nm was gradually recovered 
by heating above 45 ◦C, and the red MC emission at 635 nm was grad
ually decreased, which was induced by the FRTE-OFF process due to the 

transformation of the MC to SP form by heating [24]. Though the tem
perature effects on the FRET behavior were observed at high tempera
tures, the red MC emission at 635 nm and the FRET-ON process of 
TPE-MC-P upon UV irradiation can be maintained at temperatures 
below 45 ◦C and thus to be utilized for further sensor applications. 

2.5. Theoretical study 

Theoretical calculations were computed for TPE-SP-P, TPE-MC-P, 
TPE-MC-P þ Pb2+, TPE-SP-CH3 and TPE-MC-CH3 in order to investi
gate the mechanism of FRET switching. All structures were optimized at 
B3LYP/SDD. The absorption spectra of these compounds were computed 
using the time dependent density functional theory (TD-DFT) approach 
at M06-2X/6-31G(d), with the SDD basis set used for Pb2+ (denoted as 6- 
31G(d)+SDD[Pb2+] in the rest of the text). All the calculations were 
performed in the gas phase using Gaussian 16 program. 

Optimized structures show that the distance between TPE and SP/ 
MC unit is ~12.8 Å in Fig. 6, within the range of required donor-acceptor 
distance (1–10 nm) for the FRET process. The computed absorption 
spectra are listed in Table 1 and Fig. S22 to Fig. S27. For TPE-MC-P, the 
excitation on MC unit (See Fig. 7 for the molecular orbitals involved in 
the excitation) gives a strong absorption at 475 nm, matching the blue- 
green TPE emission at 480 nm in experiments leading to an effective TPE 
donor to MC acceptor of the FRET process. However, the excitation on 
SP unit results in an absorption of 251 nm, and the FRET process of TPE 
to SP unit does not occur. The coordination of Pb2+ to MC unit increase 

Fig. 8. Confocal PL images of HeLa all followed by incubation for 30 min. (a–d) Control experiments of HeLa. (e–h) Cells were treated with TPE-SP-P. (i–l) Cells were 
treated with sensor TPE-MC-P. (m–p) Cells were treated with TPE-SP-P and Pb2+ ion. (q–t) Cells were treated with sensor TPE-MC-P and Pb2+ ion. The concen
trations of sensor along with Pb2+ ions is 10 μM. Scale bars = 10 μm. 
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the HOMO-LUMO energy gap from 4.34 eV (HOMO–1 → LUMO in TPE- 
MC-P) to 4.86 eV (HOMO–11 → LUMO in TPE-MC-P + Pb2+), resulting 
in a shorter absorption wavelength (391 nm) for the MC excitation, 

where the FRET process was absent from the TPE to MC unit. The same 
FRET-OFF/ON mechanism is also observed in the case of TPE-SP-CH3 
and TPE-MC-CH3. The energy transfer was found from TPE to MC unit, 

Fig. 9. (a) After respective UV–visible light exposures of filter paper containing TPE-SP-P. (b) Preparation process of test paper TPE-MC-P and their responsive PL 
emissions. (c) PL images of primitive test paper TPE-SP-P (1) before UV exposure, (2) converted to TPE-MC-P after UV exposure and (3) test paper TPE-MC-P 
detected with lead-contaminated domestic water (top image, i.e., TPE-MC-P + Pb2+) and (4) lead-free domestic water (bottom image, i.e., TPE-MC-P). 
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but it was not observed from TPE to SP unit in Table 1 and Fig. 7. 

2.6. Cell culture and confocal fluorescence imaging of TPE-MC in living 
cells 

Since lead ion is highly toxic to biological systems and environments, 
to detect Pb2+ by selective sensor materials becomes an important issue 
nowadays. We conducted a confocal fluorescence imaging detection on 
living cells to further study the effect of sensor TPE-MC-P with the 
strongest FRET process, where the cytotoxicities of the close and open 
forms of sensor TPE-MC-P were assessed by a standard MTS assay using 
HeLa cells. As shown in Fig. S28, when the cells were treated with 0–25 
μM TPE-SP-P and TPE-MC-P for 24 h, the cell viabilities were higher 
than 80%, which indicates that both close and open forms of TPE-SP-P 
and TPE-MC-P had low cytotoxicities. 

With the FRET merits of bi-fluorophoric sensor, TPE-MC-P can be 
applied to observe the bio-imaging of HeLa cells by confocal fluores
cence microscopy. In addition to control experiments (in Fig. 8a to 
Fig. 8d), the related confocal bio-images of TPE-SP-P and sensor TPE- 
MC-P toward Pb2+ detection are shown in Fig. 8. In general, the close 
form of sensor TPE-SP-P revealed a strong blue channel PL emission in 
Fig. 8f, while the open form of sensor TPE-MC-P had a strong red 
channel of PL emission in Fig. 8k and its blue channel PL emission in 
Fig. 8j decreased due to the FRET-ON process. As shown in Fig. 8m to p 
and Fig. 8q to t, the close form of sensor TPE-SP-P did not show any 
obvious PL changes after the addition of Pb2+ ion. Besides, the open 
form of sensor TPE-MC-P revealed obvious color changes of PL emission 
from red to blue after the addition of Pb2+ ion in Fig. 8q to t due to FRET- 
OFF processes. Based on above experiments, these results indicated that 
the open form of sensor TPE-MC-P could be utilized for bio-imaging 
applications to lead detections in living cells. 

2.7. Application of rapid test papers to detect lead ion 

As an ion sensor material, it is an important scientific goal to 
emphasize economic, speedy, and accurate detection in modern life. In 
this study, we first dissolved TPE-SP-P in THF to prepare a sensor so
lution, then spray the solution onto the paper strip. Finally, the test 
paper was dried and exposed to UV irradiation (365 nm) for 30 s in 
Fig. 9a. The close form of TPE-SP-P would become the open form of TPE- 
MC-P upon UV exposure, which induced the color change from white to 
blue. After visible light exposure of test paper TPE-MC-P for 4 h, the 
visible characters almost disappeared, meaning that TPE-MC-P trans
formed back to TPE-SP-P. The reversible color changes of alternative 
UV–visible irradiations were proven to be repetitive for several cycles. 

For the application of test paper preparation process in Fig. 9b, we 
simulated polluted water by. 

Adding lead ion into domestic water. Therefore, the detection of lead 
ion in polluted domestic water by the red emission of the FRET process 
on the test paper containing TPE-MC-P was compared with that of 
pollution-free domestic water. As shown in Fig. 9c, we spray the TPE-SP- 
P solution onto the paper strip to prepare a test paper TPE-SP-P. After 
UV irradiating (365 nm) for 30 s, the close form of TPE-SP-P on the test 
paper can be converted into the open form of TPE-MC-P with a FRET-ON 
process, where the red fluorescence of the MC emission could be 
observed. In addition, the open form of TPE-MC-P toward Pb2+ detec
tion to proceed the FRET-OFF process would regain its blue fluorescence 
of the TPE emission rapidly (ca. 30 sec). The experiment confirmed that 
test paper TPE-MC-P had a fast and accurate detection function toward 
Pb2+. The test paper could show a quick FRET-OFF change to demon
strate competitive lead ion detection in the future. 

3. Conclusion 

In summary, we have developed a bi-fluorophoric AIE sensor TPE- 
MC-P containing TPE and MC fluorophores in semi-aqueous media to 

reveal ratiometric PL behavior between blue-green (λem = 480 nm) and 
red (λem = 635 nm) emissions from TPE donor and MC acceptor, 
respectively, which induced novel FRET-ON processes for further sensor 
applications. Upon UV exposure (λ = 365 nm), the close-form of non- 
emissive SP unit can be transformed into the open-form of red- 
emissive MC unit, so the bi-fluorophoric AIE sensor TPE-MC-P can be 
acquired from mono-fluorophoric TPE-SP-P by UV irradiation. 
Furthermore, theoretical calculations also confirmed the possible spec
ulated molecular arrangements and FRET processes of TPE-MC-P, along 
with DLS and XRD measurements were studied as well. Moreover, the 
strongest red MC emission of TPE-MC-P with the best FRET process was 
achieved in THF/H2O (10/90 vol) solution (50 μM), which was also 
verified by TRPL measurements with the shortest lifetime of 0.44 ns. 
Since the MC unit in mono-fluorophoric MC-P could be coordinated with 
Pb2+ ion in 1:1 M ratio, the quenching of red MC emission (λem = 635 
nm) in MC-P could detect lead(II) ion with the corresponding LOD value 
of 1.43 μM. Comparatively, the ratiometric PL quenching of red MC 
acceptor emission to recover blue-green TPE donor emission occurred in 
the detection of Pb2+ by bi-fluorophoric TPE-MC-P via the FRET-OFF 
process. So far, very few AIE sensor molecules have been utilized for 
cation detections, so our designed TPE-MC-P shows more significant 
sensitivities and selectivities of cation detections toward lead (II) ion 
with the best LOD value of 0.27 μM, which is much lower than the 
standards of U.S. EPA, i.e., 4.8 μM. In spite of pH and temperature ef
fects, the highest red MC unit emissions with the optimum FRET pro
cesses of TPE-MC-P were obtained around 25–45 ◦C and wide pH 
conditions (i.e., pH = 3–9), though higher temperatures (T > 45 ◦C), 
stronger acidic (pH < 3) and basic (pH > 10) conditions would cause the 
MC unit structural changes to reduce the red MC emissions, or even at 
higher temperatures (T > 45 ◦C) to recover blue-green emissions 
partially (or completely at T = 65 ◦C) induced by the close-form of TPE- 
SP-P via FRET-OFF behavior. The cell viability tests also validated the 
non-toxic and remarkable bio-marker of TPE-MC-P, so this novel FRET- 
OFF sensor toward lead (II) ion could be utilized for bio-imaging ap
plications to lead detections in living cells. Finally, we also demon
strated the fast and accurate detection of Pb2+ by test paper TPE-MC-P 
via the FRET-OFF process. 
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