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A tetraphenylethylene-based “turn on” fluorescent sensor for the rapid
detection of Ag+ ions with high selectivity
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A B S T R A C T

A new fast-responsive “turn on” fluorescent sensor for Ag+ was successfully developed by taking
advantage of the aggregation-induced emission (AIE) property of tetraphenylethylene motif with a
detection limit of 8.74 �10�7M. The sensor exhibits highly selective and sensitive recognition toward Ag+

ions over the other 12 metal ions due to the high electrophilic and thiophilic character of Ag+ ions. The 1H
NMR titration and dynamic light scattering (DLS) spectra conclude that the binding of the sensor with Ag+

ions forms fluorescent nanoaggregates in aqueous media due to its AIE enhancement. A stoichiometric
ratio (1:2) of the sensor and Ag+ was determined by a Job’s plot.
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1. Introduction

Silver is widely used in many industrial fields such as chemistry,
pharmacies, photography, and electrical industries [1,2], thus a
large amount of silver is discharged into the environment annually
from industrial wastes in a variety of chemical forms. As silver ions
(Ag+) can bond with various metabolites such as amine, imidazole
and carboxyl groups in enzymes/proteins, it will lead to enzymes/
proteins inactivation and bio-accumulation [3,4]. Thus, it is an
important research field to develop sensitive and selective
methods for detecting and monitoring trace amounts of Ag+ in
various media.

Some traditional methods such as ion-selective electrodes [5],
inductively-coupled plasma emission mass spectrometry [6,7],
atomic absorption spectrometry [8] and electrochemical method
[9] have been employed to detect trace level of Ag+, but most of
them are expensive and time-consuming. Recently, researchers are
interested in developing fluorescence probes for Ag+, which only
need simple instruments and are easy to operate. Unlike other
transition metal ions such as Cu2+ [10] and Fe2+, Ag+ is
spectroscopically and magnetically silent because of its [Kr]
4d105s0 quenching electron configuration [11,12]. As a result, it
is a challenge to design a fluorescence “turn on” sensor to
discriminate Ag+ from other chemically similar ions [13].
* Corresponding authors. Tel.: +86 20 84110918; fax: +86 20 84110918.
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In recent years, AIE materials have drawn considerable
research attention because of their applications in various fields,
such as organic light emitting devices and sensors [14–16]. The
restricted intramolecular rotation (RIR) is the main mechanism
for AIE effect [17]. These materials display excellent fluorescence
stability and overcome the drawback of traditional organic dyes
[18,19]. Although Liu et al. [20] reported sensors for Ag+ based on
tetraphenylethylene, their applications are limited due to the
quenching interference of Hg2+.

Herein, we developed a new fluorescence “turn on” sensor for
the detection of Ag+. The sensor (TPE-4DDC) (Scheme 1) with AIE
characteristics shows a strong anti-interference capacity for
various metal ions. The selective dimethyldithiocarbamate
(DDC) moiety can bind with Ag+ based on the electrophilic and
thiophilic character of Ag+ [21,22]. As a result, the sensor is non-
emissive in solution but becomes strongly emissive after addition
of Ag+.

2. Experimental methods

2.1. Chemicals and instruments

Unless otherwise noted, reagents were purchased from
commercial supplies and used without further purification.
Solvents and twice-distilled water were purified by standard
methods. All metal ions solutions were prepared from their
nitrate salts (AgNO3, Hg(NO3)2, Pb(NO3)2, Co(NO3)2, Cu(NO3)2, Zn
(NO3)2, Mg(NO3)2, Ca(NO3)2, Cr(NO3)3, Al(NO3)3, Fe(NO3)3, Ba
(NO3)2 and NiNO3) in distilled water with a concentration of
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Scheme 1. Synthesis of TPE-4DDC.
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10 mM, respectively. The different Ag+ solutions were prepared
from AgClO4, AgCF3SO3, AgNO3, AgBF4 and AgOAc in distilled
water, with a concentration of 10 mM, respectively. All UV–vis
absorption and fluorescence spectra were measured in 20 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
solution (pH = 7.0) unless otherwise noted. TLC analyses were
performed on silica gel plates and column chromatography was
conducted over silica gel (200–300 mesh).

The melting points were measured on an YRT-3 (Tianjin Xintian
Optical Analytical Instruments Co., Ltd.) melting point apparatus
without calibration. 1H and 13C NMR spectra were recorded at 25 �C
on a Bruker 300 MHz or 400 MHz nuclear magnetic resonance
spectrometer. Chemical shifts were reported relative to Me4Si for
1H and 13CNMR spectra. Mass spectra were obtained from DSQ
(Thermo) and LCMS-2010A (Shimadzu). High-resolution mass
spectrometry (HRMS) was performed on MAT95XP (Thermo). FT-
IR spectra were recorded as KBr pellets on an IR-Nicolet Avatrar
330 spectrometer at room temperature. UV–vis absorption spectra
were characterized by a UV-3150 spectrophotometer (Shimadzu)
at room temperature. Fluorescence emission spectra were
investigated by a RF-5301 (Shimadzu) at room temperature.
Quantum yields were measured by a photoluminescence spec-
trometer (FLS-980, Edinburgh Instruments Ltd) at room tempera-
ture.

2.2. Synthesis

2.2.1. Synthesis of compound 1
A mixture of 4,40-dihydroxybenzophenone (5.00 g, 23.3 mmol),

1,3-dibromopropane (14.20 g, 70.0 mmol) and K2CO3 (9.50 g,
70.0 mmol) in dry DMF (50 mL) was stirred under Ar atmosphere
at room temperature for 24 h. After reaction, the resulting mixture
was extracted with ethyl acetate (3 � 20 mL). Then the organic
phase was washed with saturated brine (20 mL) and dried over
Na2SO4. After removing solvent under reduced pressure, the crude
product was purified by column chromatography on silica gel using
petroleum ether (60–90 �C) and EtOAc (v/v, 10/1) as eluent. A white
powder of compound 1 was obtained in a yield of 26.0% (2.36 g).
mp = 62.4–63.7 �C; 1H NMR (300 MHz, CDCl3), d: 7.76 (d, J = 8.7 Hz,
4H), 6.94 (d, J = 8.7 Hz, 4H), 4.18 (t, J = 5.8 Hz, 4H), 3.61 (t, J = 6.3 Hz,
4H), 2.39–2.31 (m, 4H). 13C NMR (75 MHz, CDCl3), d: 194.74, 161.73,
132.06, 130.79, 113.87, 65.52, 32.23, 29.74. MS (ESI) m/z: [M + Na] +

Calcd for C19H20Br2O3Na: 479.0; Found: 478.7.

2.2.2. Synthesis of compound 2
A suspension of TiCl4 (0.78 mL, 7.0 mmol) and Zn powder (0.92 g,

14.0 mmol) in 35 mL of dry THF was refluxed under Ar atmosphere
for 2 h. A solution of compound 1 (1.60 g, 3.50 mmol) in dry THF
(15 mL) was added tothe suspension of the titanium reagent and the
reaction was refluxed for 10 h at 80 �C. The reaction mixture was
cooled to room temperature and a 10% aqueous K2CO3 solution
(50 mL) was added. The dispersed insoluble material was removed
by vacuum filtration using a celite pad after vigorous stirring for
5 min. The organic layer was separated and the aqueous layer was
extracted with ethyl acetate (3 � 20 mL). Then the combined
organic phase was dried over Na2SO4 and concentrated in vacuum.
The crude product was purified bycolumn chromatographyon silica
gel using petroleum ether (60–90 �C)/EtOAc/CH2Cl2 (v/v/v, 10/1/1)
as eluent. The product was obtained as white powder in a yield of
57.0% (0.88 g). mp = 118.2–120.1 �C. 1H NMR (400 MHz, CDCl3), d:
6.91 (d, J = 8.8 Hz, 8H), 6.62 (d, J = 8.8 Hz, 8H), 4.01 (t, J = 5.8 Hz, 8H),
3.56 (t, J = 6.4 Hz, 8H), 2.29–2.23 (m, 8H).13C NMR (100 MHz, CDCl3),
d: 156.84,138.29, 136.98, 132.48, 113.57, 65.05, 32.40, 30.05. MS (EI)
m/z: [M]+ Calcd for C38H40Br4O4: 880; Found: 880. HRMS (EI) m/z:
[M] + Calcd for C38H40Br4O4: 879.9614; Found: 879.9627.

2.2.3. Synthesis of TPE-4DDC
A mixture of compound 2 (0.41 g, 3.50 mmol), sodium

dimethyldithiocarbamate (0.40 g, 14.00 mmol) and KI (0.14 g,
1.4 mmol) in acetone (15 mL) was refluxed for 20 h under Ar
atmosphere. After the reaction mixture was cooled to room
temperature, the solvent was evaporated under reduced pressure.
The product was purified by column chromatography on silica gel
using petroleum ether (60–90 �C)/EtOAc (v/v, 5/1) as eluent. A
white powder of TPE-4DDC was obtained in a yield of 41% (0.18 g).
mp = 134.4–136.4 �C. 1H NMR (300 MHz, DMSO-d6), d: 6.82 (d,
J = 8.1 Hz, 8H), 6.67 (d, J = 8.1 Hz, 8H), 3.96–3.92 (m, 8H), 3.44 (s,
12H), 3.33–3.28 (m, 20H), 2.05–2.01 (m, 8H). 13C NMR (75 MHz,
DMSO-d6), d: 194.80, 156.45, 137.82, 136.15, 131.81, 113.60, 65.94,
44.85, 41.24, 33.35, 28.13. IR (cm�1): 3428.51, 2921.74, 1605.09,
1506.30, 1374.29, 1290.23, 1242.17, 1172.56, 1143.28, 1038.79,
983.32. MS (ESI) m/z: [M + H]+ Calcd for C50H65N4O4S8: 1041.2;
Found: 1041.0. HRMS (ESI) m/z: [M + H]+ Calcd for C50H65N4O4S8:
1041.27660; Found: 1041.27691.

3. Results and discussion

3.1. AIE studies

The AIE properties of TPE-4DDC were examined by studying the
fluorescence behavior of its diluted solution in H2O/THF under
different H2O fractions (Fig.1). TPE-4DDC has four phenyl rings with
intramolecular rotations that quench its emission, however, when it
turns into an aggregated form, the intramolecular coordinations
occur. Accordingly, the intramolecular rotations are restricted and
thenon-radiativedecaychannels arehindered.Asaresult, TPE-4DDC



Fig. 3. UV–vis spectra of TPE-4DDC (10.0 mM) upon titration of Ag+ (0–40.0 mM) in
H2O/THF (v/v, 6/4) containing HEPES buffer (20 mM, pH = 7.0).

Fig. 1. Fluorescence spectra of TPE-4DDC (10.0 mM) in H2O/THF mixtures with
different H2O fractions (fw) at 25 �C. Inset: Plot of (I � I0)/I0 values versus fw in H2O/
THF mixtures (lex = 353 nm, lem = 488 nm; slit: 3 nm, 5 nm).
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becomes active for emission. Plot of fluorescence intensity versus
wavelength shows the fluorescence behavior of TPE-4DDC while
changing the H2O portion of solution from 0% to 90%. TPE-4DDC is
non-emissive when dissolved in a good solvent (THF) as isolated
single molecules. However, once the H2O (a poor solvent) fraction
exceeds the limit of 60%, the fluorescence intensity starts to increase
drastically. When the H2O fractionwas increased from 0% to 90%, the
change ratio of fluorescent intensity ((I � I0)/I0,I0 is the initial
fluorescence intensity, and I is the fluorescence intensity after
addition of H2O.) shows an approximate 63-fold enhancement
(inset of Fig. 1). Owing to the condition of critical non-fluorescent
emission, the solution with 60% H2O fraction was chosen as the
media to explore the next experiments of selective and sensitive
monitoring.

3.2. Spectroscopic titrations of TPE-4DDC by Ag+

As shown in Fig. 2, we investigated the fluorescence emission
changes (lex = 353 nm) of TPE-4DDC (40.0 mM) in the presence of
Ag+ in H2O/THF (v/v, 6/4) at room temperature. With the addition
of Ag+, the emission intensity of TPE-4DDC gradually increased at
Fig. 2. Fluorescence emission changes of TPE-4DDC (40.0 mM) upon addition of Ag+

(nitrate salt) in H2O/THF (v/v, 6/4) containing HEPES buffer (20 mM, pH = 7.0) at
25 �C: [Ag+] = 0, 10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0, and 80.0 mM (lex = 353 nm,
lem = 488 nm; slit: 1.5 nm, 15 nm).
488 nm. Similarly, fluorescence quantum yields (FF) of TPE-4DDC
in H2O/THF (v/v, 6/4) increased, which were measured by an
integrated sphere system. In the absence of Ag+, the FF value of
TPE-4DDC is merely 0.92%. Whereas in the presence of Ag+ (2.0 eq),
its FF value rises to 7.38%.

The detection limit was calculated to be 8.74 �10�7M from the
fluorescence intensity changes upon the addition of Ag+ in the
range of 0–16 mM (Fig. S1). The detection limit was calculated with
the equation: detection limit = 3 sbi/m, where sbi is the standard
deviation of blank measurements and m is the slope of the
intensity versus Ag+ concentration [23]. The UV–vis absorption was
also recorded upon the addition of Ag+ (Fig. 3). The absorptions
around 264 nm and 328 nm increased gradually with the increas-
ing amounts of Ag+. Simultaneously, a long absorption tail above
400 nm was observed. The molar absorption coefficient values
(emax) of TPE-4DDC (10.0 mM) in the absence and presence of Ag+

(2.0 eq) in H2O/THF (v/v, 6/4) are 9.05 �104 L mol�1 cm�1 (265 nm)
and 9.56 � 104 L mol�1 cm�1 (263 nm), respectively, calculated at
the respective lmax value. The larger molar absorption coefficient
indicates its strong ability to absorb light. These spectral changes
are in agreement with the aggregation of TPE-4DDC with the
addition of Ag+.

3.3. The influence of pH and time

The fluorescence response of TPE-4DDC toward Ag+ was
investigated in H2O/THF (v/v, 6/4) at different pH values (from
4.2 to 10.1). In the absence of Ag+, the fluorescence of TPE-4DDC
was rather weak in either acidic or basic solutions. After
addition of 5.0 eq. of Ag+, the fluorescence intensity was
enhanced. Fig. S2 displays that TPE-4DDC can respond to Ag+ in
a wide pH range from 4.2 to 8.8. The fluorescence became much
weaker in basic solutions, which could be attributed to the
reaction of Ag+ with OH�. It is worthwhile to note that the
fluorescence emission of TPE-4DDC increased rapidly within
seconds in the presence of Ag+ and reached a stable state in
5 min (Fig. S3), indicating that TPE-4DCC could monitor Ag+ in
real time. Therefore, all measurements of UV–vis absorption
and fluorescence were fixed in 10 min and carried out in H2O/
THF (v/v, 6/4) containing HEPES buffer (20 mM, pH = 7.0).

3.4. Selectivity of TPE-4DDC toward Ag+

The fluorescence behavior of TPE-4DDC was investigated in
H2O/THF (v/v, 6/4) in the presence of various metal ions (5.0 eq.).



Fig. 4. Fluorescence intensity of TPE-4DDC (40.0 mM) in the absence and presence
of various metal ions Ag+, Hg2+, Pb2+, Co2+, Cu2+, Zn2+, Mg2+, Ca2+, Cr3+, Al3+, Fe3+, Ba2+

and Ni+ (5.0 eq.) in H2O/THF (v/v, 6/4) containing HEPES buffer (20 mM, pH = 7.0)
(lex = 353 nm, lem = 488 nm; slit: 1.5 nm, 15 nm). Inset: Fluorescence emission of
TPE-4DDC (left) and TPE-4DDC/Ag+ (right) under 365 nm UV light illumination.

Fig. 6. Job’s plot of a 1:2 complex of TPE-4DDC and Ag+ in H2O/THF (v/v, 6/4)
containing HEPES buffer (20 mM, pH = 7.0, [TPE-4DDC] + [Ag+] = 40 mM (lex = 353
nm, lem = 488 nm; slit: 1.5 nm, 15 nm).
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As shown in Fig. 4, only with addition of Ag+, TPE-4DDC exhibited
a significant green fluorescence enhancement at 488 nm with an
excitation of 353 nm and displayed a large Stokes shift (135 nm).
Other metal ions including Hg2+, Pb2+, Co2+, Cu2+, Zn2+, Mg2+, Ca2+,
Cr3+, Al3+, Fe3+, Ba2+ and Ni+ caused no fluorescence enhancement.
Even in the presence of Hg2+, only slight fluorescence alternation
could be detected.

Moreover, addition of Ag+ (5.0 eq.) to the solution of TPE-4DDC
containing one of these metal ions (5.0 eq.) led to similar
fluorescence enhancement (Fig. 5). Only for Hg2+, the fluores-
cence intensity decreased by 18%. The possible reason is that a
small percentage of intermolecular coordination of TPE-4DDC
with Ag+ was blocked by the desulfurizing reaction between TPE-
4DCC and Hg2+. The results clearly indicated that TPE-4DDC
exhibited high selectivity toward Ag+ over most competing ions.
Additionally, the fluorescence spectra of TPE-4DDC in the
presence of silver salt (5.0 eq.) with different counter-anions
(ClO4

�, CF3SO3
�, NO3

�, BF4�, and OAc�) were measured (Fig. S4).
The results reveal that the influence of counter-anions on the
detection of Ag+ with TPE-4DDC is rather minor.
Fig. 5. Fluorescence responses of TPE-4DDC (40.0 mM) upon addition of Ag+

(5.0 eq.) in the absence and presence of other metal ions Hg2+, Pb2+, Co2+, Cu2+, Zn2+,
Mg2+, Ca2+, Cr3+, Al3+, Fe3+, Ba2+ and Ni+ (5.0 eq.) in H2O/THF (v/v, 6/4) containing
HEPES buffer (20 mM, pH = 7.0) (lex = 353 nm, lem = 488 nm; slit: 1.5 nm, 15 nm).
3.5. Coordination modes between TPE-4DDC and Ag+

Job’s plot experiments were employed to determine the binding
stoichiometry of TPE-4DDC and Ag+ [24,25]. The change of
fluorescence intensity at 488 nm with a serial of concentration
ratios of TPE-4DDC to Ag+ is given in Fig. 6. When the molecular
fraction of Ag+ was close to 0.61, the fluorescence intensity reached
a maximum. This result indicated that a 1:2 stoichiometry is a
possible binding mode of TPE-4DDC and Ag+. Further, the spectral
titration experiment of AgNO3 in the presence of different amounts
of TPE-4DDC was carried out in H2O/THF (v/v, 6/4) (Fig. S5). As we
predicted, the fluorescence intensity at 488 nm increased almost
linearly with the addition of TPE-4DDC in the range of 0–0.5 eq.
(I488 nm = 9.52 � [TPE-4DDC] + 13.51, R2 = 0.986, n = 9, inset of
Fig. S5) and increased by 14 fold when the ratio of [TPE-4DDC]/
[Ag+] reached 1:2.Three possible coordination modes of TPE-4DDC
with Ag+were shown in Scheme 2. Additionally, DLS was employed
to study intermolecular coordination of TPE-4DDC with Ag+

(Fig. S6) [26]. The initial DLS signal corresponding to the species
of 55 nm approximately is ascribed to the nanoaggregate forma-
tion of TPE-4DDC in H2O/THF (v/v, 6/4). However, aggregates
became larger with the addition of Ag+. The result should be
attributed to the further aggregation of coordination oligomers and
polymers due to their low solubility in H2O/THF (v/v, 6/4)
(Scheme 2).

The 1H NMR titration in D2O/THF-d8 (v/v, 6/4) was experi-
mented to further determine the exact binding sites (Fig. 7). The
data revealed that the proton signals of the DDC moiety in TPE-
4DCC (d = 3.402, singlet, 3H and d = 3.272, singlet, 3H assigned to
the two —CH3 groups adjacent to N atom) were shifted downfield
and became weaker after the gradual addition of Ag+. These
obvious downfield shifting effects suggested that there is a
decrease in charge density of the methyl, strongly implying that
Ag+ is bound with S in the DDC group due to the strongly thiophilic
character of Ag+.

Moreover, the restorability of TPE-4DDC was studied by
measuring the fluorescence changes with addition of NaCl into
a H2O/THF (v/v, 6/4) solution of TPE-4DDC and Ag+ [27]. Free TPE-
4DDC (1.0 eq.) in solution displayed a very weak fluorescence,
while a significant increase of fluorescence was observed with
addition of 2.0 eq. of Ag+. However, the addition of NaCl (2.0 eq.)
in solution of TPE-4DDC and Ag+ caused an immediate fluores-
cence decrease. The recovery of fluorescence could be achieved



Scheme 2. Schematic illustration of the coordination modes between TPE-4DDC and Ag+.

Fig. 7. 1H NMR spectra (300 MHz, D2O/THF-d8 (v/v, 6/4)) of TPE-4DDC (5 mM) with the addition of (A) 0 eq., (B) 0.5 eq., (C) 1.0 eq., (D) 2.0 eq. of Ag+, (*: solvent peaks of THF).
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with further addition of Ag+. After 5 cycles, the sensor still showed
excellent restorability with little fluorescent intensity loss
(Fig. S7). The results indicate that TPE-4DDC could be recovered
by addition of NaCl, which is quite useful for developing a
resumable sensor.

4. Conclusion

Anew“turnon”fluorescentsensorforAg+withahighselectivityand
a large Stokesshift has been developedby takingadvantageof the AIE
featureoftetraphenylethylenecompounds.The1HNMRtitrationand
DLS spectra conclude that the binding of DDC with Ag+ induces the
further aggregation of TPE-4DCC. The fluorescent spectra results
indicatethatTPE-4DCCcanbeusedasaresumablesensorforAg+witha
detectionlimitof8.74 �10�7M.Furtherstudiesonthedevelopmentof
“turn on” fluorescent sensors with a high selectivity and their
biomedical applications are ongoing in our group.
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