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ABSTRACT: In this Communication, we report on the
development of a ratiometric fluorescent probe for
silver(I) ions (AgI) based on an arene−metal ion
interaction. The probe selectively senses AgI among
various metal ions with a large-emission red shift under
aqueous conditions, enabling the selective ratiometric
detection of AgI. X-ray crystallography and NMR analyses
reveal that AgI comes into close contact with the
fluorophore, which induces a large-emission red shift.
The high sensing selectivity of the probe toward AgI might
be attributable to the restricted rigid conformation of the
cyclic aza crown ether, which exclusively binds AgI. In
addition to AgI sensing, the AgI complex of the probe is
also used for the ratiometric sensing of a cyanide anion
(CN−), highlighting the utility of the reported probe in
fluorescence sensing.

Fluorescence probes are essential research tools for analysis of
the biological roles and environmental effects of metal ions.1

The design of these probes is typically based on the functional
conjugation of a molecular recognition unit (i.e., ligand unit) and
a sensing unit within the same molecule. In such a modular
“ligand−(spacer)−fluorophore” design, the sensing selectivity is
mainly determined by the binding property of the ligand, and it
should be little influenced by the sensing mechanism. However,
despite elaborate molecular designs, high sensing selectivity
toward specific metal ions is often difficult to achieve solely by
modification of the existing ligand structures. Therefore, strong
demand exists for a new design strategy of a fluorescent probe to
realize the highly selective sensing of specific metal ions.
Recently, we reported a dual-emission fluorescent probe for

the detection of metal ions based on a unique fluorescence
sensingmechanism.2 Themechanism consists of an arene−metal
ion contact, and it involves a noncoordinating van der Waals
contact between the aromatic ring of a fluorophore and a metal
ion, which induces a large-emission red shift. We previously
reported the design of a type I fluorescent probe (Figure 1),
which has two metal-ion binding units such as 2,2′-dipicolyl-
amine on a tricyclic fluorophore. However, the sensing selectivity
of these probes was moderate. They sense different metal ions
such as CdII, AgI, andHgII, with a similar large-emission red shift.2

In this paper, we report a highly selective fluorescent probe for

AgI based on a new molecular design (type II).3,4 The probe
possesses a cyclic aza crown ether as a metal-ion binding unit, and
it allows a close arene−metal ion interaction. We found that the
xanthene probe with a diaza-15-crown ether 1a showed a large-
emission red shift upon binding to AgI. A metal-ion screening
assay revealed that 1a showed the high sensing selectivity for AgI

among various metal ions, which has not been achieved by the
previously reported fluorescent probes for AgI.2,4 X-ray
crystallography of the AgI complex of the anthracene analogue
2a proved that AgI was located adjacent to the anthracene ring
and thus formed a noncoordinating arene−metal ion contact. In
addition to the selective detection of AgI, the AgI complex of 1a
was also used for the ratiometric sensing of cyanide anion (CN−)
under aqueous conditions. This highlights the utility of the probe
in fluorescence sensing.
The probes possess xanthene (1a and 1b) or anthracene (2a

and 2b) as the fluorophore, which is connected to a diaza-15- or
-18-crown ether at its 1 and 8 positions. It is expected that this
molecular design, which involves a rigidly anchored crown ether
with a restricted cyclic conformation and close spatial orientation
to the fluorophore, can provide high sensing selectivity toward
certain metal ions, based on arene−metal ion contact. The
syntheses and fluorescence properties of the probes are described
in the Supporting Information (SI; Scheme S1 and Table S1).
Figure 2a shows the result of the fluorescence titration of 1a with
AgI under aqueous buffer conditions [50 mM HEPES (pH
7.4):MeOH = 1:1]. Compound 1a gave a clear ratiometric signal
change upon binding to AgI, and the emission wavelength red-
shifted from 524 nm, 19084 cm−1, to 554 nm, 18051 cm−1 (Δλem
= 30 nm, 1033 cm−1). The ratio R = F554/F524 increased from 0.32
to 11.0 upon binding to AgI. This emission wavelength shift
coincided with the absorbance red shift (Δλabs = 14 nm, 521
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Figure 1. Structures of the compounds.
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cm−1; Figure S1 in the SI), indicating that the photophysical
property of 1a was modulated by AgI coordination in the ground
state. The fluorescence Job’s plot confirmed that the binding
stoichiometry between 1a and AgI was 1:1 (Figure S2 in the SI).
The binding constant (Ka, M

−1) of 1awith AgI was determined to
be 4.53 × 105 M−1 by a curve-fitting analysis of the titration data.
The detection limit for AgI was 65.6 nM (3σ). This sensing
property was not significantly affected by the presence of various
anion species (Table S2 in the SI). Probe 1b, which possesses a
diaza-18-crown ether, also showed an emission red shift upon
binding to AgI with a 1:1 binding stoichiometry (Ka = 2.89 × 105

M−1; Figures S2 and S3 in the SI). However, the emission
wavelength shift (Δλem = 10 nm, 354 cm−1 from 526 nm, 19011
cm−1, to 536 nm, 18657 cm−1) and the ratio change (ΔR = 0.77
from 0.74 to 1.51) induced by AgI were smaller than those of 1a
(Δλem = 30 nm, 1033 cm−1; ΔR = 10.7). Compound 1a with a
superior ratiometric signal change is thus more suitable for the
detection of AgI than 1b. The metal-ion-sensing selectivity of 1a
was evaluated by fluorescence titration with 10 different ions
(Figure 2b). Interestingly a negligible change in the R value was
induced by the metal ions, except for AgI. Furthermore, 1a
showed a large increase in R value upon the addition of AgI (50
μM) in the presence of a 10-fold excess of the other metal ions
(500 μM), which is indicative of the significantly low binding
affinity of 1a toward the other metal ions (Ka < 104 M−1). These
data clearly indicate that 1a is a selective ratiometric chemo-
sensor for AgI. Because it was reported that 4,10-diaza-15-crown
5-ether has a strong binding affinity toward various metal ions
(log K for AgI, CuII, CdII, and ZnII is 5.85, 7.17, 8.72, and 5.34,
respectively),5 the high sensing selectivity of 1a toward AgI might
be attributable to the restricted rigid conformation of the cyclic
aza crown ether, which exclusively binds to AgI.
The sensing mechanism of 1a toward AgI was next examined.

For structural analysis, the readily available 2awas prepared as an
anthracene analogue of 1a. We confirmed that 2a also gave a
large-emission red shift (from 417 to 452 nm, Δλem = 35 nm,
1857 cm−1) upon binding to AgI (Figure S4 in the SI). Figure 3a
shows the structure of the 2a-AgI complex, which was
determined by X-ray crystallographic analysis. In this complex,
AgI is located adjacent to the upper π plane of the anthracene ring
by coordination with all of the N and O atoms of the diaza-15-
crown ether. The distance between AgI and the nearest neighbor
C9 atom is 2.46 Å, which is much smaller than the sum of the van

der Waals radii of AgI (1.72 Å) and an aromatic C (1.77 Å). This
short distance may imply the formation of a metal−π interaction
as proposed for previously reported AgI complexes.6 Figure 3b
shows a cross-sectional view of the 2a-AgI complex. It is apparent
that AgI is in very close contact with C9. Interestingly, this close
contact induces bending of the C9−H bond by 9.9° from the
planar π plane of the anthracene ring toward the opposite side to
AgI.
In the 13C NMR spectrum (Figure S5 in the SI), C9 of 2a

significantly shifted upfield from 123.3 to 107.3 ppm (Δδ = 16
ppm) upon coordination with AgI, while the other aromatic C
atoms shifted downfield slightly (Δδ = 0.8−3.7 ppm). In the 1H
NMR spectrum (Figure S6 in the SI), H9 shifted slightly (Δδ =
0.01 ppm) upon complexation with AgI, while the other aromatic
H atoms shifted significantly downfield (Δδ = 0.15−0.30 ppm).
The unique chemical shift changes of C9 and H9, which are
distinct from those of the other atoms, suggest that AgI is located
in a position proximate to C9 of the anthracene ring in the
solution state.
In the optimized structure calculation by the density functional

theory (DFT) method (Figure S7 and Tables S7 and S8 in the
SI), the binding energy of AgI with ligand 2a was evaluated to be
106.8 kcal/mol (Table S4 in the SI), the value of which is almost
the same as that of 4,10-diaza-15-crown 5-ether lacking the
anthracene moiety (107.1 kcal/mol). In addition, the number of
4d electrons of 2a-AgI was predicted to be 9.94 by natural bond
orbital analysis (Table S5 in the SI), the value of which is almost
the same as that of the AgI complex of 4,10-diaza-15-crown 5-
ether (9.95). These results suggest that the anthracene ring does
not contribute to stabilizing the AgI complex through bonding
interaction. In time-dependent DFT calculation, the electric-
dipole-allowed S0 → S1 transition energy of 2a was calculated as
3.57 eV, while the same transition energy for the 2a-AgI complex
was calculated as 3.41 eV, which is 0.16 eV lower than that of 2a
(Figure S8 and Tables S6, S9, and S10 in the SI). This result
reasonably reproduces the experimentally observed AgI ion-
induced red shift of the absorption band [2a 3.39 eV (366 nm)→
2a-AgI 3.24 eV (383 nm)]. Interestingly, when the calculation
was performed for 2a at the optimized geometry of the 2a-AgI

Figure 2. (a) Fluorescence spectral change of 1a (5 μM) upon the
addition of AgI (0−10 equiv). Measurement conditions: 50 mMHEPES
buffer (pH 7.4):MeOH (1:1), λex = 488 nm, 25 °C. (b) Fluorescence
sensing selectivity of 1a (5 μM) for various metal ions. The white bar
represents the ratio R (F554/F524) upon the addition of each metal ion
(100 equiv). The gray bar represents the ratio R (F554/F524) upon the
addition of AgI (10 equiv) in the presence of other metal ions (100
equiv). Measurement conditions: 50 mM HEPES (pH 7.4), λex = 488
nm, 25 °C.

Figure 3. X-ray crystallographic analysis of 2a-AgI (C26H32N2O7ClAg).
(a) Perspective view with 50% probability ellipsoids. (b) Cross-sectional
view of 2a-AgI. The perchlorate anion is omitted for clarity.

Inorganic Chemistry Communication

dx.doi.org/10.1021/ic500980j | Inorg. Chem. 2014, 53, 7080−70827081



complex (Table S6 in the SI), the S0 → S1 transition energy was
calculated as 3.50 eV, which is 0.07 eV lower than that of 2a at its
original optimized geometry (ΔE = 3.57 eV).7 Therefore, the red
shift of 2a can be mainly ascribed to the electronic perturbation
and/or the structural deformation of anthracene, as shown in
Figure 3b, upon coordination with the AgI cation. Further
theoretical analysis is in process and will be reported elsewhere.
The AgI complex of the ratiometric probe 1a was used for

detection of the cyanide ion (CN−) in an aqueous medium. CN−

is a well-known toxic anion that is poisonous to biological
systems. Therefore, effective detection methods for CN− have
been developed,8 especially for the environmental analysis of
plant effluent. It was found that the 1a-AgI complex exhibited a
clear emission blue shift by KCN under aqueous buffer
conditions (50 mM phosphate buffer, pH 8.0; Figure 4). This

wavelength shift caused a large increase in the ratio R (F522/F549)
from 0.15 to 2.46. Electrospray ionization time-of-flight mass
spectrometry analysis indicated that the cyanide ion enhanced
decomplexation of AgI from 1a-AgI to release the AgI-free ligand
1a because of the formation of a stable AgCN salt (Figure S9 in
the SI). The detection limit for CN− was calculated as 0.47 μM
(3σ) under the same conditions. As shown in Figure 4b, 1a-AgI

gave good sensing selectivity toward CN− among various anion
species such as chloride, acetate, carbonate, sulfate, and
thiocyanate. These data revealed that 1a-AgI is a useful
ratiometric chemosensor for the cyanide ion with a clear and
selective fluorescence response, which has not been readily
achieved by current CN− probes.8

In conclusion, we have developed a ratiometric fluorescent
probe for AgI based on a new design strategy, which consists of a
conformationally restricted aza crown ether as a binding unit and
an arene−metal ion interaction as a sensing mechanism. The
probe had high sensing selectivity toward AgI with a large-
emission red shift, which is expected to be useful in environ-
mental analyses as well as in the elucidation of biological
functions of AgI.9 Apart from metal-ion sensing, the AgI complex
1a-AgI was also used in the ratiometric detection of cyanide
anions, further demonstrating the versatility of the present probe
design in fluorescence analysis. We envision that structural
modification of the cyclic ligand unit can provide new ratiometric
probes with high sensing selectivity toward other metal ions. Our
research into this aspect is ongoing.
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Figure 4. (a) Fluorescence spectral change of 1a-AgI (6 μM) upon the
addition of cyanide anion (0−2 equiv). 50 mM phosphate buffer (pH
8.0), λex = 488 nm, 25 °C. (b) Fluorescence sensing selectivity of 1a-AgI
(6 μM) among varous anion (1: none, 2: KCN 14 μM, 3; KCl 200 μM,
4; CH3COONa 200 μM, 5; Na2CO3 200 μM, 6; Na2SO4 200 μM, 7;
NaSCN 200 μM). Conditions; 50 mM phosphate buffer (pH 8.0), λex =
488 nm, 25 °C.
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