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Synthesis, photophysical, and complexation properties of fluorescent chemosensors, L and L , with
‘receptor-spacer-fluorophore’ motif (L1: NS2O2-cyclic receptor, L2: acyclic analogue receptor) are
described. Maximum chelation-enhanced fluorescence effect (TURN-ON type) was observed in the pres-
ence of Ag+ for both fluoroionophores in a 1:1 (v/v) aqueous ethanol solution: remarkably superior selec-
tivity of L1 (150-fold) with cyclic receptor than that of the L2 (50-fold) with acyclic analogue was found.
According to the fluorescence and NMR titrations, the excellent selectivity of L1 is attributed to its topol-
ogy-based higher affinity in complexation.

� 2008 Elsevier Ltd. All rights reserved.
Chemosensor exhibiting high selectivity toward a target analyte
is in great demand due to its low cost, high throughput capability,
and point-of-care monitoring.1 Thus, many efforts have been
devoted to design and construction of photophysical chemosensors
such as colorimetric and/or fluorescent ones. Owing to their
selective metal ion recognition and sensitive signaling capacity,
macrocycle-receptor-based fluoroionophores make them good
candidates for the chemosensors for the metal ions.2

On the other hand, a range of mono- and multinuclear com-
plexes of thiaoxa- or thiaoxaaza-macrocycles with discrete and
continuous types were reported by us3 and other workers.4 We
are interested in extending these results in the macrocycle-based
approach to develop chemosensors for thiaphilic d10 metal ion spe-
cies such as Ag+ and Hg2+. In particular, Ag+ has received consider-
able attention because of its bioaccumulation and toxicity.5

Furthermore, the mechanism of antimicrobial activities of Ag+

has not been well established because of a lack of suitable detec-
tion and imaging methodologies.6

Recently, several research groups reported NS2-macrocyle-based
donor-acceptor type chemosensors for Ag+ and/or Hg2+.7 We also
developed an azo-attached dibenzo-NS2O2 donor-macrocylce as a
chromogenic chemosensor for heavy metal ion in acetonitrile.8

More recently, we employed the same macrocycle to modify the
nanotube as solid matrix for the detection of heavy metal ion.9

The fluoroionophore system showing high selectivity for Ag+ in
aqueous solution associated with fluorescence OFF–ON changes
(TURN-ON type) has important implications for use as chemosen-
sors; however, the number of reported examples of these types is
quite limited.10 The fluoroionophore based on ‘receptor-spacer-
ll rights reserved.

: +82 55 753 7614.
fluorophore’ motif2c,d has been demonstrated to be an effective
way of developing both anion11 and cation2 chemosensors. In brief,
the Ag+ detection can be tuned by both the choice of receptor and
fluorophore. These two subunits also control the water-solubility
of a sensor molecule. Therefore, the need for developing efficient
fluorescent sensor toward Ag+ that satisfies the TURN-ON type
high selectivity in aqueous media has attractive growing attention.

In this regard, we herein describe the synthesis of an NS2O2-
macrocycle-based fluoroionophore, L1, with the ‘receptor-spacer-
fluorophore’ motif and its photophysical properties as a highly
selective TURN-ON type fluorescence chemosensor for Ag+ in aque-
ous ethanol solution (Scheme 1). At the same time, its acyclic ana-
Scheme 1. Synthesis of L1 and L2.



Table 1
Spectroscopic and complexation data for L1, L2 and their complexes

Species kem (nm) Quantum yielda logKb

U0 U U/U0

L1 414 0.001 — 260 —
[Ag�L1]+ 414 — 0.26 10.2
L2 415 0.006 — 13.7 —
[Ag�L2]+ 414 — 0.082 8.9

a Quantum yields are based on anthracene, U = 0.27 in ethanol.15

b Stability constants for a 1:1 (metal to ligand) complexation with Ag+ were
obtained from the fluorescence titrations shown in Figure 4.16
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logue L2 as a reference counterpart has also been prepared and in-
cluded for comparison because these two compounds are expected
to have discriminated photophysical properties due to the different
topologies in the receptor units.

In the synthesis of the fluoroionophores, N-phenylated macro-
cyclic precursors 2 and 3 were prepared based on reported cou-
pling reactions between ditosylate 1 and corresponding dithiols
(Scheme 1).12,13 The incorporation of 9-methylanthracene moiety
on the spacer unit was achieved by aluminum chloride induced Fri-
edel–Crafts alkylation of with 9-chloromethylanthracene in good
yields.14 The target compounds were purified by silica-gel flash
column chromatography. Their 1H and 13C spectra exhibit charac-
teristic singlets at 4.90 (L1), 4.87 (L2), and 51.85 (L1), 51.58
(L2) ppm, respectively, arising from the each methylene proton be-
tween two aromatic units.

The structure of L1 was also characterized in the solid state by
single-crystal X-ray crystallography (Fig. 1a). Single-crystals of L1

were obtained by slow evaporation from the solution of CH2Cl2/
CH3CN. Since two S donors show exocyclic fashion to the ring cav-
ity, the S� � �S distance is as large as 6.286(1) Å. The S1–C–C–N1
[167.5(4)�] and S2–C–C–N1 [�168.6(4)�] are arranged anti-confor-
mation. The pale yellow single crystals of L1 exhibit a broad band
with blue-green emission maxima at 485 nm (kex = 365 nm) arising
from the intermolecular charge transfer (ICT) states between the
N-phenylated macrocylic unit and excited anthracene terminal
group (Fig. 1b).7a,f

To probe the optimum condition for the photophysical proper-
ties of the fluoroionophores prepared, the pH responses were
examined in the 1:1 (v/v) aqueous ethanol solution (Figs. S3 and
S4). In the basic condition (pH 3.5–12), virtually no fluorescent
Figure 1. (a) Crystal structure and (b) solid state photoluminescence spectrum of
L1.
emission was observed (OFF state) due to the photo-induced elec-
tron transfer (PET) quenching by the lone pair of electrons on the
tertiary N donor atom in each molecule (Table 1).2b However, in
the pH range of 1.0–3.0, the typical anthracene emission was ob-
served. This result makes these compounds very attractive for
use in both physiological and environmental criteria. Lippard17

and Gunnlaugsson18 also reported similar results for Zn2+ and
Cd2+ sensor systems. Based on above results, we employed the
pH 7.2 condition buffered with 20 mM HEPES in EtOH/H2O (1:1
v/v) for the measurements of the photophysical properties
Figure 2. Fluorescence spectra of (a) L1 and (b) L2 in the presence of metal ions in
EtOH/H2O (1:1, v/v, pH = 7.2, HEPES buffer). Cs+, Ag+, Pb2+, Zn2+, Cd2+,Hg2+, Cu2+ Ni2+,
and Co2+ (10 equiv) and Na+, K+, Ca2+, and Mg2+ (1000 equiv) were added to each
ligand solution (5.0 lM).



Figure 3. Normalized fluorescence intensities (I/I0) of L1 and L2 in the presence of
metal ions.

Figure 4. Fluorescence titrations of (a) L1 and (b) L2 with AgNO3 in EtOH/H2O (1:1,
v/v, pH 7.2, HEPES buffer).
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throughout this study. Under this physiological condition, as ex-
pected, L1 and L2 exhibit negligible fluorescence quantum yields
U0 = 0.001 and 0.006 in the absence of Ag+, respectively (Table 1).

To examine the selectivity of L1 and L2 as fluorescent sensors,
responses to diverse metal ions are compared (excitation at
368 nm). It is worth noting that Figure 2 shows the maximum che-
lation enhanced fluorescence (CHEF) effect (ON state) for each fluo-
roionophore upon addition of Ag+. In both cases, the typical pattern
of the anthracene appears very strongly without change in the
emission maxima. This can be explained that the coordination to
such tertiary N donor atom prevents the PET quenching effec-
tively.2b More significantly, upon addition of Ag+ the normalized
fluorescence intensity (I/I0) of L1 (150-fold increase) shows much
higher selectivity compare to L2 (50-fold increase) ( Fig. 3). The
group IA, IIA, and d-block transition metal ions, however, show
no or less influences on the fluorescence intensity especially for
L1 which suggests the higher selectivity than that of L2. Further-
more, the competition experiments by a range of the interfering
ions revealed that Ag+-induced fluorescence enhancement for L1

is unaffected in the presence of physiologically (1000 equiv) and
environmentally (10 equiv) relevant metal ions (Fig. S5). As we
understand, the proposed system with cyclic receptor (L1) affords
the largest CHEF reported to date that results from Ag+ complexa-
tion in aqueous media.

On the other hand, the fluorescence titrations of L1 and L2 with
AgNO3 in the same solvent media resulted in the intensity gradu-
ally increasing between 0 and 1.0 equiv of Ag+, and then achieves
a plateaus with the quantum yields U = 0.26 and 0.082, respec-
tively, suggesting a 1:1 complexation (Fig. 4 and Table 1). In addi-
tion, the 1:1 (metal to ligand) stoichiometry for the complexations
was also demonstrated by Job plots (Fig. S6). On the basis of the
nonlinear fitting analysis of the fluorescence titration data, the sta-
bility constants (logK) for the 1:1 complexes of L1 and L2 were
determined to be 10.2 and 8.9 for Ag+, respectively (Table 1). It
should be noted that the preorganized fluoroionophore L1 showed
improved binding (�20 times) with Ag+ compared to its acyclic
analogue L2 probably due to the additional stabilization of the
macrocyclic effect. The detection limits19 were also estimated from
the titration results (L1; 2.2 � 10�7 M and L2; 5.8 � 10�7 M).

Unfortunately, we were not able to obtain the single crystals of
the related Ag+ complexes. Instead, NMR titrations were carried
out in DMSO-d6 to understand further structural characteristics
of the Ag+ complexes in solution (Fig. 5 for L1 and Fig. S7 for L2).
Upon stepwise addition of Ag+, in both cases, every proton in each
ligand shifted, suggesting the stable complexation for the fast
exchanging system. Here again, the NMR titration curves clearly
show an inflection point at mole ratio (Ag+/L) of 1.0, indicating that
the stoichiometry for the formation of the complex is also 1:1 ratio
(metal to ligand).
The magnitude of the Ag+-induced chemical shifts for the pro-
tons varies with their positions. Very notably, the aromatic proton
Ha which is closest to the tertiary N donor shows largest chemical
shift change than others in both cases: Dd = 0.59 and 0.39 ppm for
L1 and L2, respectively, suggesting the nitrogen-affinity of Ag+ is
important. This change seems to be caused by synergic effect of
the metal-donor and metal–p interactions.20 For the aliphatic
region, the order of magnitude of the chemical shift variation is
H2 (Dd: �0.3 ppm), H4 (0.3 ppm) >> H1 (0.1 ppm) > H3,H5

(0.07 ppm): Ag+ causes a much larger shift for the H2 and H4 peaks
than for those of others. Thus, Ag+ appears to be more strongly
coordinated by potential tridentate NS2 donor-set, while the O do-
nors interact with the Ag+ relatively weakly. Similar results were
observed for both L1 and L2 but the L1 shows relatively larger
chemical shift changes than L2, indicating the stronger receptor to-
ward Ag+ in solution. The unexpected Ag+-induced upfield shift for
H2 and H3 appears to be caused by a ring current effect.21 The ob-
served 1:1 stoichiometry for the AgL type complexation is further
confirmed by the ESI-MS of the complex solutions, which corre-
spond to the species [L1�Ag]+ (m/z 624.9) and [L2�Ag]+ (m/z
568.8), respectively (Figs. S8 and S9).

In conclusion, two fluoroionophores with ‘receptor-spacer-fluo-
rophore’ motif were synthesized and their photophysical and com-



Figure 5. (a) 1H NMR spectra of L1 by stepwise addition of AgNO3 and (b) 1H NMR titration curves for L1 with AgNO3 in DMSO-d6.
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plexation properties were investigated. The proposed sensor mole-
cule with cyclic receptor unit exhibited excellent turn-on type
fluorescence selectivity toward Ag+ in aqueous ethanol solution.
From the results, it is concluded that the unique selectivity for
Ag+ based on the complexation-induced inhibition of the PET pro-
cess is due to the several cooperative factors, such as transduction
capacity of anthracene fluorophore, the spacer group contribution
and synergic effect of the NS2O2 donors with well-preorganized
coordination environment of the cyclic receptor.
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