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ABSTRACT: A new 1,1′-thiobis(2-naphthoxy)-based receptor molecule (L) containing a benzimidazole moiety has been
synthesized and characterized by 1H NMR, ESI-MS, and elemental analysis. The selectivity of L has been explored in aqueous
methanol, resulting in selective (7.5 ± 0.5)-fold switch-on fluorescence response toward Ag+ among 14 different transition, alkali,
and alkaline earth metal ions studied. The complexation of Ag+ by L has been addressed by ESI-MS, 1H NMR, and UV−vis
spectra. Microstructural features of L and its Ag+ complex have been measured by AFM and TEM. The morphological features of
L alone and L in the presence of Ag+ differ dramatically both in shape and size, and the ion induces the formation of chains owing
to its coordinating ability toward benzimidazole. Further, the in situ [Ag+−L] complex was titrated against 20 naturally occurring
amino acids and found that this complex acts as a secondary recognition ensemble toward Cys, Asp, and Glu by switch-of f
fluorescence.

■ INTRODUCTION
Selective recognition of Ag+ ions and amino acids is an
important area of research due to their involvement in
chemical, biological, and environmental applications.1 Silver
compounds are used as antimicrobial agents, and the activity is
closely related with the interaction of Ag+ with sulfhydryl
(−SH) groups.2 There are several chemosensors reported in
the literature for the recognition of Ag+ ion in nonaqueous3 and
aqueuos4 systems. However, the molecular receptors which can
recognize Ag+ followed by amino acids are indeed limited in the
literature. A calix[4]arene derivative possessing a picolyl moiety
has been shown to selectively recognize Ag+ ion and also act as
a secondary sensor toward cysteine.5 Receptors with
benzimidazole moieties can be used as sensors for ion
recognition in aqueous environment. A bis-benzimidazole-
based N,S macrocycle6 has been shown to be a sensor for metal
ions such as Cr2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Hg2+, and Pb2+

in aqueous phase, and it is not selective for specific metal ions.
Another Ag+ complex of pyridyl benzimidazole7 is shown to be
a fluorescent complex, where the Ag+ is coordinated in a
polymeric fashion by exhibiting a distorted “T” shape geometry.
The metal ion sensors with di-O-derivatives of the
thiobisnaphthol receptor are scarce in the literature and
hence are least explored. Thiobisnaphthol derivatives have
been shown to be sensitive for metal ions, such as Ag+, Hg2+,
Cr3+, Pb2+, and Ni2+ by absorption spectroscopy, but these are

not specific for a single metal ion.8 It is always of interest to
explore the recognition properties of difunctionalized 1,1′-
thiobis(2-naphthol) and much more so if it can act as a dual
sensor by exhibiting primary followed by the secondary sensing
properties. Therefore, the present study reports the synthesis,
characterization, and Ag+-recognition properties of an amido
conjugate of benzimidazole of 1,1′-thiobis(2-naphthol) (L),
followed by the recognition of Cys, Asp, and Glu by the
corresponding silver complex.

■ RESULTS AND DISCUSSION
The receptor molecule, L, was synthesized in four steps
(Scheme 1). The reaction of L1 with ethyl bromoacetate results
in the formation of diester derivative, L2, and its hydrolysis
under basic conditions yielded the corresponding diacid
derivative, L3. The diacid L3, upon coupling with 2-amino-
methylbenzimidazole using 1-ethyl-(3-dimethylaminopropyl)-
3-carbodiimide hydrochloride, resulted in L. The control
molecule L4 (Scheme 1) has also been synthesized by coupling
of 2-aminomethylbenzimidazole with phenoxyacetic acid using
the same reagent. All of the compounds exhibited satisfactory
analytical and spectral data as given in the Experimental Section
(Supporting Information SI 01−04). The metal ion receptor
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property of L was explored by carrying out fluorescence
titrations of 14 different ions (Figure 1a,b), including alkali,
alkaline earth, and transition ones, viz., Na+, K+, Ca2+, Mg2+,
Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, Pb2+, and Ag+

with perchlorate as counteranion. Among all of these ions (SI
05), only Ag+ showed fluorescence enhancement as a function
of the addition of increasing concentrations of this ion, and the
enhancement approaches (7.5 ± 0.5)-fold at saturation when
the titration was carried out in methanol/water in 2:3 v/v ratio
(Figure 1b). During the titration, the emission band observed at
360 nm is shifted to red by 30 nm upon the interaction with
Ag+ (Figure 1a). Plot of relative fluorescence intensity (I/I0)
versuss [Ag+]/[L] mole ratio suggests the formation of a 1:1
complex and hence is stoichiometric. The association constant
obtained for the [Ag+−L] complex has been found to be 40 660
± 200 M−1 using the Benesi−Hildebrand equation. The
quantum yield found with respect to the naphthalene as a
standard is 0.016 and 0.071 for L and [Ag+−L], respectively.
Minimum detection limit of Ag+ by L using fluorescence
titration has been found to be 430 ± 50 ppb (SI 06). In order
to substantiate the unique nature of the interaction of Ag+ with
L (i.e., through benzimidazole moiety), three related control
molecular systems, viz., L1, L2, and L4 were subjected to similar
fluorescence titration studies (SI 07). The control molecules L1
and L2 do not show any considerable extent of fluorescence
enhancement, suggesting the positive role of the benzimidazole
moiety in the recognition process (Figure 1c). On the other

hand, the L4 possessing the benzimidazole moiety exhibits
fluorescence emission at 300 nm as the same is devoid of the
thiobisnaphthyl moiety and exhibits a considerable quenching
of fluorescence upon titration with Ag+ (SI 07, Figure 1c). On
the basis of the fluorescence titration data, the association
constant of Ag+ with L4 has been found to be 8550 ± 150 M−1,
which is ∼5 times less than that obtained between L and Ag+.
In order to explore the effect of polarity of the solvent on the

emission intensity, fluorescence titrations were carried out in
different ratios of water−methanol mixtures and it was found
that the changes were maximum in a 2:3 mixture (Figure 2).

Such studies could not be extended to the solvent mixtures
containing more than 70% of water due to the precipitation.

Competitive Ion Titrations by Fluorescence. In order
to check the practical utility of Ag+ recognition by L,

Scheme 1. Synthesis of Control and Receptor Moleculesa

aConditions: (a) SCl2, (CH3CH2)2O, rt/24 h; (b) BrCH2COOC2H5/K2CO3/acetone/reflux/12 h; (c) 15% NaOH/EtOH/reflux/24 h; (d) 1-ethyl-
(3-dimethylaminopropyl)-3-carbodiimide hydrochloride/aminomethyl benzimidazole hydrochloride/DMF/rt/12 h; (e) 1-ethyl-(3-dimethylamino-
propyl)-3-carbodiimide hydrochloride/CH2Cl2/rt/12 h.

Figure 1. (a) Fluorescence spectral traces of L in MeOH/H2O (2:3 v/v ratio) as a function of added Ag+ to result in [Ag+]/[L] mole ratio from 0 to
10.0. (b) Histogram of fluorescence enhancement folds in the presence of different metal ions when titrated against L. Inset: Relative fluorescence
intensity (I/I0) vs [Ag

+]/[L] mole ratio at 390 nm. (c) Plot of I/I0 vs mole ratio of Ag
+/[ligand] at 372 nm for L1 (squares), 365 nm for L2 (circles),

and 300 nm for L4 (triangles).

Figure 2. Histogram of fluorescence enhancement fold in various
methanol−water mixtures when Ag+ was titrated against L.
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competitive titrations were carried out in the presence of other
biologically and ecologically relevant metal ions. Fluorescence
spectra (SI 08) were recorded for the titration of L against Ag+

in the presence of 30 equiv of Na+, K+, Ca2+, and Mg2+ and 5
equiv of Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, and
Pb2+. None of these metal ions significantly affect the emission
intensity of L upon the addition of Ag+, and the titration profile
is similar to that obtained for simple Ag+ titration (Figure 3a).
Therefore, it can be concluded that L recognizes Ag+ even in
the presence of other metal ions. In another titration, the in situ
generated [L + 2 equiv of Ag+] has been titrated with metal
ions, Na+, K+, Ca2+, Mg2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+,
Cd2+, Hg2+, and Pb2+, and found to have only marginal changes
in the emission intensity, suggesting that none of these ions
interfere in the fluorescence emission of the Ag+ complex
(Figure 3b). The competitive titrations were also carried out
with an in situ complex prepared using 1:1 of L and Ag+ against
other metal ions (Figure 3c). The results obtained from this
experiment are almost same except in the case of Fe2+, Pb2+,
and Hg2+, where a 10−20% higher quenching was observed
when compared to the earlier titration that was carried out with
1:2 ratio of L and Ag+. Thus the results shown in Figure 3
indicate that Ag+ is not being replaced by other metal ions from
the binding core of L.
Absorption Titration of L with Ag+. In order to ascertain

the complexation of Ag+ by L, absorption titrations were carried
out by adding varying concentrations of Ag+ to a fixed
concentration (35 μM) of L. The absorbance of 273, 278, and
340 nm bands is found to increase upon addition of Ag+

(Figure 4), indicating the interaction of Ag+ with the
benzimidazole/aromatic moiety. Further, the stoichiometry of
the complex formed between L and Ag+ has been found to be
1:1 based on the Job’s plot.

Authenticity for the Formation of the Complex of L
with Ag+ by ESI-MS Titration. The complex formed
between L and Ag+ has been confirmed from the molecular
ion peak observed at m/z = 801.25 in the ESI-MS spectrum (SI
09). The presence of Ag+ has been further proven by
comparing the observed isotopic peak pattern with that of
the calculated one (Figure 5).

Titration of L with Ag+ by 1H NMR Spectroscopy. The
nature of binding of Ag+ to L has been further studied by 1H
NMR titration by keeping a fixed concentration of L and
varying the amount of Ag+ added to reach up to 2 equiv. During
the titration, significant changes were observed in the 1H NMR
spectrum of L upon addition of Ag+ (Figure 6). The
benzimidazole −NH proton signals of L observed at 12.20
ppm are found to shift downfield by about 1.0 ppm, indicating
the involvement of the benzimidazole moiety in Ag+ binding.
Aromatic signals of the benzimidazole moiety (8.2−8.6 ppm)
further split into two peaks in the presence of Ag+ that may
arise from the loss of symmetry upon interaction of L with Ag+.

Figure 3. Histograms showing the relative fluorescence intensity (I/I0) for the titration of L with Ag+ in the presence of competitive ions: (a)
titration of [L + x equiv of Mn+] against Ag+; and (b) [L + 2 equiv of Ag+] against Mn+ (up to x equiv), where x = 30 for Na+, K+, Ca2+, and Mg2+ and
x = 5 for other metal ions. (b) [L + 1 equiv of Ag+] against Mn+ (up to x equiv), where x = 30 for Na+, K+, Ca2+, and Mg2+ and x = 5 for other metal
ions. (c) Similar experimental conditions as shown in (b) except that 1 equiv of Ag+ is added in this case.

Figure 4. (a) UV−visible absorption spectral traces of L on titration against Ag+. Inset: Job’s plot of nL versus A × nL, where nL is mole fraction of the
metal ion added and A is the absorbance. (b) Absorbance vs mole ratio plots at 340 nm (triangles) and 273 nm (circles).

Figure 5. Molecular ion peak obtained in the titration of L against Ag+

along with its isotopic peak pattern: (a) calculated, (b) experimental.
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Aromatic signals of the naphthyl moiety (7−8 ppm) are also
found to change upon addition of Ag+. Both the −OCH2 and
−NH−CH2 protons show shifts in their signals, viz., from 4.6
to 4.7 and 4.5 to 4.4 ppm, respectively, which further suggests
the interaction of Ag+ with the groups present on both arms.
The changes observed in the proton signals upon Ag+ addition
(Δδ) are given in Figure 7.

Structural Features of the [Ag+−L] Complex by DFT
Computational Studies. As the formation of a 1:1 species
was already established by absorption, fluorescence, and ESI-
MS, the structural features of the complex formed between L
and the Ag+ were addressed by computational studies. The
results of the complex obtained at B3LYP/3-21G were reported
in this paper. At the B3LYP/3-21G level of computation, the
complex [Ag+−L] was mainly formed through the interaction
of two benzimidazole N atoms of L giving rise to a near linear
geometry for Ag+ (N1−Ag−N2 = 169°) with N1−Ag = 2.17 Å
and N2−Ag = 2.20 Å (Figure 8, SI 10). One of the amide−C
O exhibits a weak interaction as the amide-O···Ag distance, 2.66
Å, is lower than the sum of the van der Waal’s radii of O and
Ag. At this level of computation, the stabilization energies
computed using the formula ΔEs = Ec − [EL + EAg] (where Ec is
the total energy of the complex, EL is the total energy of the
hemicalixarene conjugate, and EAg is that of the Ag+) yielded
−142.7 kcal/mol.9

Microstructural Features of L and Its Silver Complex
by AFM and TEM. AFM images of L and its complex show
that the particles were well spread over the mica sheet. The
morphological features of L alone and in the presence of Ag+

are quite distinct in both shape and size. While L alone forms
large lumps, like aggregates of size 160−230 nm, such
aggregation is inhibited and uniform spherical particles with

Figure 6. 1H NMR spectra measured during the titration of L with different equivalents of Ag+ (in DMSO-d6): (a) 0; (b) 0.5; (c) 1.0; (d) 1.5; (e)
2.0.

Figure 7. Metal ion induced shifts (Δδ = δL − δcplx) observed with
different protons of L at various mole ratios of [Ag+]/[L]. The labeling
for various protons can be seen from the structure: (★)
benzimidazole-NH; (●) benzimidazole-aromatic-CH; (▲) OCH2;
(▼) NH−CH2.

Figure 8. DFT-optimized structures of (a) L and (b) [Ag+−L]. Bond
distances (Å): N1−Ag = 2.17, N2−Ag = 2.20. Bond angle (deg): N1−
Ag−N2 was found to be 169.

Figure 9. AFM micrographs of (a) L and (b) [Ag+−L]. Few
representative chain-like structures are encircled on (b). Distribution
of the particle sizes observed in AFM for L in the absence (c) and in
the presence (d) of Ag+ ion.
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size of 30−60 nm are formed in the presence of Ag+.
Furthermore, the presence of Ag+ induces the formation of
chains of particles as shown in Figure 9. Thus, L has a tendency
to form aggregates due to the presence of hydrophobic groups,
and in presence of Ag+, it forms linear chains as it could
coordinate through benzimidazole nitrogens resulting in the
breakage of the aggregations found in the simple L. In fact,
similar chain formation of the particles has been observed in the
AFM even when the control molecule possessing the
benzimidazole moiety (L4) was treated with Ag+ (SI 11). In
effect, the structural features observed in AFM can indeed
differentiate L from its complex of Ag+.
Transmission electron micrographs of L show clusters of rod-

like structures which were somewhat similar to the lumps
observed in AFM. However, in the presence of Ag+, multiple
branched chain-like structures (Figure 10) were formed

through the aggregation of the spherical (40−60 nm) particles,
which were analogues to those noticed in AFM. Thus, the
structural alterations observed from nanoclusters to nanochains
made up of nanospheres on going from the receptor to its Ag+

complex are of importance in their applications,9 while the
mechanism of such transformation is still a matter of further
research.
Secondary Sensor Behavior of [Ag+−L] toward Amino

Acids. Since L recognizes Ag+ selectively, the utility of the
[Ag+−L] complex in the recognition of amino acids has been

studied so that the complex can act as a secondary recognition
entity.

Fluorescence and Absorption Titrations of [Ag+−L] by
Amino Acids. The chemosensing ensemble used in these
titrations was prepared in situ by mixing L and Ag+ in 1:2 ratio.
The fluorescence intensity of [Ag+−L] was quenched in the
presence of Cys, Asp, and Glu and not with the other amino
acids (SI 12). During the titration of [Ag+−L] with Cys, the
emission band observed at 390 nm is quenched (Figure 11).
This is exactly reverse to what happens when L is titrated with
Ag+, indicating the removal of Ag+ by Cys and thereby releasing
the free L. This is true even with Asp and Glu, which possess
carboxylate moieties (SI 13). Out of the 20 amino acids
studied, Trp and Tyr did not yield interpretable results due to
their strong emission that overlaps with the emission of L upon
excitation at 280 nm. Thus the [Ag+−L] complex acts as a
secondary recognition ensemble toward Cys, Asp, and Glu.
Interaction of Ag+ with Cys and the consequent release of L

were further supported by UV−visible absorption spectroscopy
carried out with [L + 2 equiv of Ag+]. Absorption spectrum
obtained after addition of Cys, Asp, and Glu to [Ag+−L] is
similar to the free L showing bands at 274, 280, and 343 nm,
suggesting the release of L from the complex by Cys, Asp, and
Glu (Figure 12) (SI 14).

ESI-MS Titration of [Ag+−L] with Cys, Asp, and Glu. In
order to confirm the release of L and the recomplexation of Ag+

by the amino acid, ESI-MS titrations were carried out between
[Ag+−L] complex and Cys, Asp, and Glu (SI 15). The mass
spectra exhibited major peaks supporting Ag+ complex of Cys
(m/z = 348.1), Asp (m/z = 372.9), and Glu (m/z = 401.1) and
further supporting the release of L (m/z = 693.2) in the
titrations in the case of these amino acids. All of these clearly
support the release of L and also the formation of the complex
between Ag+ and Cys, Asp, or Glu.1314

Figure 10. TEM micrographs shown in (a,b) are for L and shown in
(c,d) are for [Ag+−L].

Figure 11. (a) Fluorescence spectral traces obtained during the titration of [Ag+−L] with cysteine. Downward arrow shows the addition of 0 → 20
equiv of cysteine to [Ag+−L]. (b) Histogram showing the fold of quenching of fluorescence of [Ag+−L] in the presence of different amino acids.

Figure 12. Absorption spectral titration of [Ag+−L] with cysteine: (a)
spectral traces; (b) absorbance vs mole ratio at 274 nm (circles) and
340 nm (triangles).
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Role of Side Chains of Cys, Asp, and Glu in the
Removal of Ag+ from the Complex. Since the fluorescence
and absorption changes occur only in the presence of Cys, Asp,
and Glu and not with any other amino acid, the role of −SH
and −COOH functional groups in the binding followed by the
removal of Ag+ was further confirmed by measuring the
fluorescence and absorption response of the [Ag+−L] complex
with other −SH and −COOH blocked molecules, viz., cysteine
ethyl ester, cysteamine, glutathionine reduced (GSH), gluta-
thionine oxidized (GSSH), dimethyl glutamic acid ester, and
dibenzyl aspartic acid ester (Figure 13). The results suggest that
Ag+ mainly interacts through −SH or −COOH functional
groups. The [Ag+−L] chemo ensemble acts a recognition
medium for thiol and carboxylic acid functionality.
INH Logic Gate Properties of L with Ag+ and Cys, Asp,

and Glu. The logic gate properties of L have been studied
using two sets of input signals, while one is Ag+ and the other is
an amino acid (Cys, Asp, and Glu), by monitoring the
fluorescence emission at 390 nm. From the logic gate functions,
the emission of L is observed only in the presence of single
input, viz., Ag+ and not with Cys, Asp, and Glu as these amino
acids are insensitive to L. This indicates that L is switched on
only in the presence of Ag+ (7-fold enhancement at 390 nm).
Similarly, in the presence of 2 equiv of Cys, Asp, or Glu,
fluorescence emission of [Ag+−L] was quenched and no
significant output signal was observed. From these studies, it
has been found that L can be used as INHIBIT (INH) logic
gate toward Ag+ in the absence of Cys, Asp, and Glu by
observing emission at 390 nm. The truth table and the pictorial
representation for the corresponding INH logic gate are given
in Figure 14.

■ CONCLUSIONS

A thio-bridged hemicalixarene receptor system based on the
benzimidazole arm (L) has been synthesized, characterized, and
explored for its metal ion recognition property extensively using

spectroscopic techniques. The derivative L showed selective
turn-on fluorescence response toward Ag+ in aqueous methanol
[(7.5 ± 0.5)-fold] among the 14 different metal ions studied.
The novelty of L in Ag+ sensing has been confirmed by carrying
out similar fluorescence titration with three control molecules,
viz., L1, L2, and L4. The complex formation, stoichiometry, and
binding mode have been established by UV−vis, ESI-MS, and
1H NMR studies and found to be 1:1. Moreover, the species of
formation have been modeled using DFT computational
calculations. The morphology changes observed on going
from the simple receptor L to its Ag+ complex by AFM and
TEM were dramatic enough to differentiate the receptor from
its Ag+ complex. Thus, the morphological features of L alone
and L in the presence of Ag+ are distinctly different both in
shape and size, forming aggregates of 160−230 nm size in the
case of L, while such aggregation is inhibited by forming
uniform spherical particles with a size of 30−60 nm in the
presence of Ag+. Further, these spherical particles merge
together to form chains.
The in situ [Ag+−L] complex was further explored for its

secondary detection of amino acids resulting in selective turn-
of f response toward Cys, Asp, and Glu among the 20 naturally
occurring ones, by interacting through −SH and −COOH side
chain functionality, and thereby making the L and its silver
complex systems interesting. The displacement of Ag+ from the
binding core of the complex of L upon addition of these amino
acids has been confirmed by the ESI-MS titration. The results
obtained in the present studies help to construct an INHIBIT
logic gate.

■ EXPERIMENTAL SECTION
Synthesis and Characterization Data for the Compounds, L1,

L2, L3, L, and L4. The derivatives have been prepared by following the
procedures given below and were characterized.

Thiobis(2,2′-naphthol) (L1). This was synthesized as per the
reported procedure10 with some modifications. To a solution of 2-
naphthol (27.4 g, 190 mmol) in diethyl ether (400 mL) at 0 °C was
added dropwise a solution of sulfur dichloride (6.00 mL, 94.6 mmol)
in diethylether (100 mL). The resulting suspension was allowed to
cool to room temperature and stirred for 24 h. The precipitate that
formed was filtered, washed twice with 40 mL portions of diethyl
ether, and dried: yield (16.23 g, 57%); mp 209−210 °C dec; FTIR
(KBr, cm−1) 3356, 3345, 1619, 1595, 1570. 1H NMR (400 MHz,
CDCl3, δ ppm) 6.87 (s, 2 H, Ar−OH), 7.19 (d, 2 H, Ar−H, J = 8.92
Hz), 7.33 (t, 2 H, Ar−H, J = 8.12 Hz), 7.51 (t, 2 H, Ar−H, J = 8.28
Hz), 7.76 (d, 4 H, Ar−H, J = 8.48 Hz), 8.45 (d, 2 H, Ar−H, J = 7.88
Hz); 13C NMR (CDCl3, δ ppm) 156.8, 135.4, 130.5, 128.5, 127.1,
124.7, 123.8, 118.2, 112.5 (Nap-C); ESI-MS m/z (%), 318.15 (100,
[M]+); 175 (95). Anal. (%) Calcd for C20H14O2S: C, 75.45; H, 4.43; S,
10.07. Found: C, 75.51; H, 4.41; S, 9.84.

1,1′-Thiobis(2-naphthoxy acetic ester) (L2). In a 250 mL flask
equipped with a magnetic stirrer and reflux condenser, a mixture of L1
(20 g, 62.90 mmol), ethylbromoacetate (14.60 mL, 132.09 mmol), and
potassium carbonate (9.95 g, 72.10 mmol) was added in 100 mL of
dry acetone. Then the reaction mixture was heated at reflux
temperature for 12 h under nitrogen atmosphere. After cooling, the
mixture was filtered through a bed of Celite and the organic phase was
evaporated to yield a white solid product. The solid product was
dissolved in dichloromethane, washed with 10% sodium hydroxide,
and the organic phase was evaporated. Recrystallization from methanol
afforded pure L2: yield (26.19 g, 85%); FTIR (KBr, cm−1) 3040, 2970,
1750, 1595; 1H NMR (400 MHz, CDCl3, δ ppm) 1.15 (t, −COO−
CH2−, 4H, J = 7.20 Hz), 4.18 (q, 6H, −CH3, J = 7.16 Hz), 4.37 (s,
4H, OCH2), 7.02 (d, 2H, Ar−H, J = 8.92 Hz), 7.35 (t, 2H, Ar−H, J =
8.02 Hz), 7.47 (t, 2H, Ar−H, J = 8.32 Hz), 7.68 (d, 2H, Ar−H, J =
8.96 Hz), 7.72 (d, 2H, Ar−H, J = 8.08 Hz), 8.70 (d, 2H, Ar−H, J =

Figure 13. Histogram showing the fold of fluorescence quenching of
the [Ag+−L] complex by −SH as well −COOH containing molecules,
where A = cysteine, B = ethyl ester of cysteine, C = cysteamine, D =
glutathionine reduced (GSH), E = glutathionine reduced (GSSH), F =
dimethyl glutamic acid ester, and G = dibenzyl ester of aspartic acid.

Figure 14. (a) Representation of INH logic gate using conventional
gate notation; an active output signal is obtained when Ag+ = 1 and
amino acids (A.A), viz., Cys, Asp, or Glu = 0. (b) Truth table for INH
logic gate, Ag+ and A.A (Cys, Asp, or Glu) are input to the system; I390
is the output signal of L at 390 nm.
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7.68 Hz); 13C NMR (CDCl3, δ ppm) 168.8, 156.4, 135.5, 128.5, 127.1,
124.7, 123.8, 119.2, 115.5 (Nap-C); 66.9, 61.1 (−CH2−CH3); 14.1
(−CH3); ESI-MS m/z (%), 491 (80, [M + H]+); 261 (100). Anal. (%)
Calcd for C28H26O6S: C, 68.55; H, 5.34; S, 6.54. Found: C, 68.42; H,
5.34; S, 6.21.
1,1′-Thiobis(2-naphthoxy acetic acid) (L3). Into a 250 mL

single-neck flask containing ethanol (100 mL) and L2 (19 g, 38.76
mmol) was added 15% aqueous sodium hydroxide (42 mL, 158
mmol), and the mixture was heated to reflux for 24 h. After the
reaction, the mixture was evaporated under reduced pressure to yield a
white solid. The residue was diluted (suspension) with cold water, and
hydrochloric acid (3 N) was added with vigorous mixing until pH 1
was reached. A white precipitate obtained was collected, washed with
water, and dried. Pure L3 was obtained after recrystallization from
ethanol: yield (15.98 g, 95%); FTIR (KBr, cm−1) 3210−2420 (br),
1720, 1710, 1620, 1430, 1275; 1H NMR (400 MHz, DMSO-d6, δ
ppm) 4.83 (s, 4H, O−CH2), 7.23 (t, 4H, Ar−H, J = 7.75 Hz), 7.37 (t,
2H, Ar−H, J = 8.20 Hz), 7.75 (d, 2H, Ar−H, J = 9.1 Hz), 7.85 (d, Ar−
H, 2H, J = 7.76 Hz), 8.50 (d, 2H, J = 8.52 Hz), 13.15 (br, 2H,
−COOH); 13C NMR (DMSO-d6, δ ppm) 170.8, 156.6, 135.3, 130.1,
129.6, 128.3, 127.1, 125.9, 124.3, 119.1, 115.1, 66.6; ESI-MS m/z (%),
457 (67, [M + Na]+); 435 (46, [M + H]+); 232 (100). Anal. (%)
Calcd for C24H18O6S: C, 66.35; H, 4.18; S, 7.38. Found: C, 66.28; H,
4.08; S, 7.14.
Synthesis of L. To a solution of L3 (0.3 g, 0.690 mmol) in DMF

(50 mL) were added Et3N (0.5 mL, 3.46 mmol), 1-ethyl-(3-
dimethylaminopropyl)-3-carbodiimide hydrochloride (0.40 g, 2.07
mmol), and catalytic amount of 1-hydroxybenzotriazole (HOBT),
and the solution was stirred at 0 °C for 30 min under N2 atmosphere.
A hydrochloride salt of 2-aminomethyl benzimidazole (0.32 g, 1.4
mmol) was added to this reaction mixture and stirred at room
temperature overnight. The resulting mixture was added with water
(50 mL) and extracted in dichloromethane (100 mL × 2). The
dichloromethane extract was washed with water followed by saturated
NaHCO3 and brine. The organic phase was evaporated to give white
solid, L. The product was recrystallized from dichloromethane/
methanol: yield (0.35 g, 73%); FTIR (KBr, cm−1) 1686 (νCO);

1H
NMR (400 MHz, DMSO-d6, δ ppm) 4.51 (s, 4H, NCH2), 4.67 (s, 4H,
OCH2), 7.12 (br, 4H, Benz-H), 7.4 (m, 12H, Ar−H), 7.82 (t, 2H,
CONH, J = 8.2 Hz), 8.44 (br, 4H, Ar−H), 12.71 (s, 2H, Benz-NH);
13C NMR: (DMSO-d6, δ ppm) 36.1, 68.6, 115.7, 117.5, 121.4, 124.2,
124.8, 127.3, 129.6, 130.1, 134.2, 151.8, 156.2, 168.1; ESI-MS m/z
(%), 692 (100, [M]+); HRMS (EI) calcd for C40H33N6O4S m/z
693.2284, found m/z 693.2311.
Synthesis of Control Molecule L4. To a solution of phenoxy-

acetic acid (1 g, 6.5 mmol) in dry CH2Cl2 (60 mL) were added Et3N
(2.28 mL, 16.45 mmol), 1-ethyl-(3-dimethylaminopropyl)-3-carbodii-
mide hydrochloride (2.50 g, 13 mmol), and a catalytic amount of 1-
hydroxybenzotriazole (HOBT), and then the solution was stirred at 0
°C for 30 min under N2 atmosphere. A hydrochloride salt of 2-
aminomethyl benzimidazole (1.5 g, 6.8 mmol) was added to this
reaction mixture and stirred at room temperature overnight. The
reaction mixture was concentrated by rotary evaporation, and solid
crude product obtained was redissolved in CH2Cl2. The dichloro-
methane portion was washed with water (50 mL × 3) followed by
brine and dried over anhydrous sodium sulfate, filtered, and solvent
was removed by rotary evaporation. The solid crude product, L4, was
purified by silica gel column chromatography using ethyl acetate/
petroleum ether (4:6 v/v) as eluent: yield (1.29 g, 71%); FTIR (KBr,
cm−1) 1667 (νCO), 1068;

1H NMR (400 MHz, DMSO-d6, δ ppm)
4.57−4.59 (2s, 4H, NCH2 and OCH2), 6.97 (t, 1H, Ar−H J = 7.36
Hz,), 7.02 (d, 2H, Ar−H, J = 7.84 Hz), 7.15 (m, 2H, Ar−H), 7.32 (t,
2H, Ar−H, J = 8.03 Hz,), 7.50 (br, 2H, Benz-H), 8.79 (t, 1H, CONH,
J = 5.86 Hz), 12.25 (s, 1H, Benz-NH); 13C NMR (DMSO-d6, δ ppm)
37.6, 67.5, 115.4, 115.4, 121.9, 122.1, 130.2, 152.7, 158.3, 168.9;
HRMS (EI) calcd for C16H16N3O2 m/z 281.1252, found m/z
281.1243.
Computational Studies. Computational studies were carried out

using Gaussian 03 package.11 Prior to assuming the initial guess model
for computational calculations, structure of L was generated using

gaussview from the single-crystal XRD structure of a similar
methylene-bisnaphthalene-amidomethyl benzimidazole di-derivative.12

The structure was then optimized by semiemprical methods followed
by HF and then by DFT in a cascade fashion. In order to generate the
metal complex, silver ion has been placed randomly at a distance that
is far away from the benzimidazole region. The corresponding complex
of L with Ag+ was then optimized in a cascade fashion by going
through AM1 → HF/3-21G → B3LYP/3-21G level of computation.

Fluorescence Titrations. All of the fluorescence titrations were
carried out on a Perkin-Elmer LS55 at 280 nm excitation wavelength
in 1 cm quartz cell. Bulk solutions (6 × 10−4 M) of L were freshly
made before each set of experiments by dissolving the ligand in
DMSO (50 μL) and then making up with the 2:3 methanol−water
mixture. The metal perchlorate salts were made at 6 × 10−4 M
concentration in 2:3 methanol−water mixture. The fluorescence
titrations were carried by exciting the solution at 280 nm wavelength
after adding an appropriate volume of metal salt solution to result in
requisite mole ratios of [Mn+]/[L], yet maintaining the final [L] as 10
μM in a total solution volume of 3 mL achieved by diluting with
solvent.

Absorption Titrations. Bulk solutions were made by similar
procedure as in fluorescence studies. Titrations were performed by
varying equivalents of [Mn+] from 0.2 to 10 and fixing the
concentration of L at 35 μM.

1H NMR Titration. L (0.01 M) was taken in NMR tube in DMSO-
d6 (400 μL) followed by addition of a varying quantity of Ag+

(dissolved in DMSO-d6).
Sample Preparations for AFM and TEM. For AFM studies, the

stock solution of (L) and Ag+ were taken as 6 × 10−5 M. The L was
dissolved in methanol/water (2:3) system. The ligand to Ag+ ratio was
1:2, and the system was sonicated for 10 min, after which 50−70 μL of
aliquot was taken and spread over a mica sheet using the drop-cast
method. The sample was then dried and subjected to AFM studies.
For TEM studies, the sample preparation procedure followed for AFM
was adopted except that the stock solution of L and Ag+ used was 6 ×
10−3 M. The samples were dispersed on a carbon-coated grid by drop-
cast method.
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