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Abstract—Four new fluoroionophores possessing four ligating sites (2S+2N) and an essential hydrophobic environment, as prevailing in the
plastocyanin and rusticyanin proteins, have been synthesized. In these PET fluoroionophores, the position of fluorophore anthracene moiety
effectively modulates the Cu** induced emission properties (quenching vs enhancement) of the fluorophore. The addition of Cu?* to solution
of receptor with anthracene moiety in its center caused quenching in emission intensity through photoinduced fluorophore-to-metal electron
transfer mechanism and in cases where anthracene is present at terminus nitrogen, the emission intensities increased by nearly 1000% due to
inhibition of the photoinduced electron transfer from receptor-to-fluorophore in the presence of Cu* ions. The hydrophobic environment cre-
ated by various aromatic rings clearly manifested the stability of fluorescence of these molecules above pH 2.0 and their Cu** complexes
above pH 4. The application of such fluoroionophores has been elaborated for building OR and AND logic gates.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Fluorescent chemosensors for the detection and measure-
ment of metal ions, especially for cations of biological inter-
est such as Na*, Ca®", Cu®", and Zn>" are actively
investigated.! Amongst the soft transition metal ions, Cu®*
is third in abundance (after Fe?>* and Zn?*) in the human
body and plays an important role in various biological sys-
tems. The design and synthesis of chemosensors for Cu?*
constitute a very active area of research as a result of the de-
mand for more sensitive and selective chemosensors for in
vitro and in vivo purposes.>>

Although Cu?* is a significant metal pollutant due to its
widespread use,>? it is also an essential element for life be-
cause alterations in its cellular homeostasis are connected to
serious neurodegenerative diseases like Alzheimer’s,
Menke’s, and Wilson’s diseases.*

The synthetic Cu** selective fluoroionophores so far re-
ported®~!7 have amide units as an integral part of the iono-
phore and Cu®* is known to trigger the hydrolysis of the
amide linkages affecting the stability of these amide based
sensors. In nature, blue copper proteins play a key role in
long range inter- and intraprotein electron transfer'®:!° and
are characterized by high reduction potentials, rapid transfer
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rates, and unique spectral features compared to normal te-
tragonal copper complexes. In rusticyanin (2xN+2xS),
the four ligating atoms are arranged around copper in a dis-
torted tetrahedral arrangement but have high acid stability as
the copper binding site is located within a hydrophobic re-
gion at one end of the molecule, surrounded by a number
of aromatic rings and hydrophobic residues. This conforma-
tion probably contributes to the acid stability of the copper
site, since the close association of aromatic rings with the
histidine ligand would sterically hinder their dissociation
from copper.!*®

For most of the reported Cu* fluorescent sensors, the binding
of the metal ion causes a quenching of the fluorescence emis-
sion.!> Due to sensitivity reasons, fluoroionophores showing
fluorescence enhancement as a result of metal ion binding are
to be favored over those exhibiting fluorescence quenching.
A number of fluoroionophores, in which the binding of
a Cu®* ion causes an increase in the fluorescence'®, have
been reported. Among those reported, Cu?* binding resulting
in the inhibition of photoinduced electron transfer (PET) in
the fluoroionophores has been an important mechanism,
with the metal ionophore located in the electron donor.

In the present investigations, bearing in mind the structural
features of the active cavity in Cu®* proteins in the cases
of plastocyanin and rusticyanin having two N and two S
binding sites and the additional stability provided by aro-
matic rings in the case of rusticyanin, the acyclic
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fluoroionophores 3,'7* 8, 9, and 12, possessing 2-aminothio-
phenol units as ligating sites placed at the 9,10-position of
anthracene or at the 1,4 position of the substituted phenylene
rings, have been designed. In the case of 3, the anthracene
moiety is part of the main skeleton of the fluoroionophore
and is positioned perpendicular to the ligating sites. As a re-
sult, the anthracene unit faces the cavity of the ionophore and
thus increases the sensitivity and selectivity toward Cu*
through coordination but causes >40% fluorescence
quenching on addition of >9 pM Cu?*. However, the pres-
ence of anthracene ring as an appendage at the terminus in
the case of 8, 9, and 12 results in a decrease in coordination
of anthracene moiety with Cu?* and causes an increase in
emission, though it adversely affects the stability of the flu-
orophore—Cu?* complex and its selectivity.

2. Results and discussion
2.1. Synthesis of fluoroionophores 3, 8, 9, and 12

The phase transfer catalyzed (NaH-DMF-TBA HSO,) nu-
cleophilic substitution of 12° with 2-aminothiophenol 2 pro-
vided 3 as a fluorescent yellow solid (85%), mp 186 °C, FAB
mass m/z 452 (M*+H) (Scheme 1).
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Scheme 1.

The phase transfer catalyzed (NaH-DMF-TBA HSO,) nu-
cleophilic substitutions of dibromides 4 and 5§ with 2-amino-
thiophenol provided 6, white solid (60%), mp 101-103 °C,
(lit. mp 104-106 °C),?' FAB mass m/z 353 (M*+H) and 7,
white solid (70%), mp 148-149 °C, FAB mass m/z 412
(M*) (Scheme 2), respectively. The solution of 6 and
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Scheme 2.

anthracene-9-aldehyde in dry THF was stirred for 2 days
and was then reduced with NaBH,—I, mixture. The reaction
mixture on work-up and column chromatography gave yel-
low solid 8 (20%), mp 122-123 °C, FAB mass m/z 542
(M™) (Scheme 2).

The appearance of two 2H singlets at § 3.58 and 3.75 due to
SCHj; protons and two 2H doublets at 6.69 and 6.80 due to
benzene ArH; 2H and 1H exchangeable signals at ¢ 4.13
and 5.21 in its "H NMR spectrum along with other signals
and 26 signals in '*C NMR spectrum show that 8 is unsym-
metrical and only one NH, of 6 is anthracenylmethylated
and confirm the structure 8 for this compound. Similarly, di-
amine 7 on reaction with anthracene-9-aldehyde and subse-
quent reduction gave 9 (28%), mp 124125 °C, FAB mass
602 (M™).

In order to rationalize the difference in contribution of the
7t-cloud of naphthalene and anthracene units in coordination
with Cu?*, when placed as part of the main skeleton of the
receptor, the naphthalene-based fluoroionophore 12 was
also synthesized. The nucleophilic substitution of 1,4-bis-
(chloromethyl)-naphthalene (10) with 2-aminothiophenol
(2) gave 11, white solid (55%), mp 7678 °C, FAB mass
m/z 402 (M*), which on reductive anthracenylmethylation
gave 12 (27%), mp 135-137 °C, FAB mass m/z 592 (M™)
(Scheme 3).
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Scheme 3.

2.2. Photophysical behavior of fluoroionophores 3, 8, 9,
and 12

The fluoroionophore 3 in its UV-vis spectrum shows A, at
411, 390, 371, and 303 nm, whereas 8, 9, and 12 (50 uM) in
CH;5CN-H,O (4:1 v/v), in their UV-vis spectra displayed
Amax at 387, 365, and 348 nm typical for anthracene unit.
The UV-vis spectra of fluoroionophores 8, 9, and 12 thus
show a blue shift of 23-25 nm for all three absorption bands
in comparison with fluoroionophore 3. The solutions of these
fluoroionophores (5 tM) [CH3;CN-H,O, 4:1] on excitation
at A. 365 nm?? exhibited fluorescence maxima at Ay
412 nm, with two shoulders at 393 and 439 nm, typical of
anthracene unit. In the concentration range 1-500 uM, the
fluorescence of 3, 8, 9, and 12 remained directly proportional
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to their concentrations. This linear increase in fluorescence
with concentration of 3, 8, 9, and 12 indicates that these flu-
oroionophores are not susceptible to self-quenching or to ag-
gregation processes in this concentration range.

2.2.1. Photophysical behavior of fluoroionophore 3. Fluo-
roionophore 3 possesses two Ar-NH, units and would un-
dergo protonation in the presence of acid to inhibit
photoinduced electron transfer (PET) from amine nitrogen
to excited anthracene unit. So, first, a solution of 3 (5 uM)
(CH5CN-H,0, 4:1) was titrated with a standard acid and
base. No change of the intense characteristic emission of an-
thracene was observed over the pH range (14-3.8). However,
on further lowering the pH, the intensity of emission band
began to increase at pH=3.8 and fluorescence was com-
pletely increased (nearly three times) at pH=2. The plot of
FI against pH displays a sigmoid profile (Fig. 1).

Thus, fluoroionophore 3 shows ‘OFF-ON’ phenomena un-
der acidic conditions. The spectral fitting of the pH titration
data shows pK,=2.610.1 for 3. In preliminary fluorescence
studies, fluoroionophore 3 (5 uM) at pH 7.0 (HEPES
10 mM) in CH3CN-H,O (4:1 v/v) in the presence of
500 pM metal ions shows fluorescence quenching with
Cu?* while other metal ions viz. Ni**, Cd**, Zn?>*, Hg?",
and Pb?* do not affect the fluorescence.

The plot of fluorescence intensity of 3 (5 uM) [CH;CN-H,0
(4:1), HEPES 10 mM] at 415 nm versus concentration of
Cu?* exhibits a gradual decrease in fluorescence intensity
with the increase in concentration of Cu?* between 1 and
8 uM, after which the fluorescence levels off and a plateau
is achieved (Fig. 2b). Therefore, 3 can estimate 1-8 pM of
Cu?* through fluorescence spectroscopy and undergoes
~40% fluorescence quenching (Fig. 2a). The spectral fitting
of the data for 3-Cu(NQOy), titration shows the formation of
M,L complex with log By, = 15.20 & 1.46.

A similar titration experiment was carried out on UV-vis
spectrophotometer at a higher concentration of 3 (20 uM)
to further explore the possibility of these fluoroionophores
to act as chromogenic sensors for Cu?*. The solutions con-
taining fluoroionophore 3 (20 uM) and varied concentra-
tions of Cu?* (1-200 uM) were prepared in CH;CN-H,O
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Figure 1. The plot of change in FI of 3 (5 uM, CH3CN-H,O0, 4:1) versus pH
at 412 nm. The change in FI of 9 (1 uM, CH;CN-H,0, 4:1) versus pH at
412 nm is also given for comparison.
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Figure 2. (a) The effect of Cu** on the fluorescence spectrum of 3 showing
fluorescence quenching and (b) the plot of fluorescence intensities of 3 (@)
(5 uM) at 25+1 °C, pH 6.90 (HEPES 10 mM) versus Cu’* concentration in
CH;CN-H,O0.

(4:1) at pH ~7 (HEPES 10 mM) and their UV-vis spectra re-
corded (Fig. 3a). The plot of absorbance at 415 nm versus
the concentration of Cu?* displays a linear decrease in the
absorbance from 1 to 40 uM (0.1-2.0 equiv) and then a pla-
teau is achieved (Fig. 3b). It was observed that the light yel-
low color of the fluoroionophore disappears on addition of
Cu?*. The fluoroionophore 3 can therefore be used for the
selective estimation of 1-40 uM Cu?* by UV—vis spectros-

copy.

2.2.2. Photophysical behavior of fluoroionophores 8, 9,
and 12. Like other amine-based fluorescent sensors, 8, 9,
and 12 are also pH sensitive. The pH titration of 9 (5 uM)
(CH3CN-HO0, 4:1) showed that the fluorescence intensity
of 9 remained unaffected between pH 14 and 2. On lowering
the pH below 2.0, the fluorescence intensity increased
sharply and below pH 1.0, it went off scale (Fig. 1). Simi-
larly, fluorescence of 8 and 12 remained stable up to pH
2.0 and on further lowering the pH resulted in sharp fluores-
cence enhancement. Thus, fluoroionophores 8, 9, and 12 also
show ‘OFF-ON’ phenomena under acidic conditions. The
effect of hydrophobic environment in 8, 9, and 12 (where
the anthracene ring is placed at the termini) is clearly man-
ifested into the stability of fluorescence of these molecules
above pH 2.0 and at pH<2 the protonation of amine NH in-
hibits PET phenomenon and a sharp increase in emission is
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Figure 3. (a) The effect of addition of Cu* on the absorption spectrum of 3
(20 uM) at 25+1 °C, pH 6.90 (HEPES 10 mM) in CH;CN-H,O (4:1). (b)
The plot of absorbance of 3 () versus Cu’* concentration in CH;CN-H,O0.

observed. The spectral fitting of the pH titration data shows
pK.=0.91%0.11 for 8, 0.8£0.07 for 9, and 1.5£0.05 for 12.
In these fluoroionophores, aromatic amine NH units give
pK.<1.5, which is significantly lower than the pK, of ani-
line?? (pK,=4.63 in water). Possibly, in 8, 9, and 12 the hy-
drophobic environment created by the aromatic rings makes
the protonation more difficult.

In preliminary fluorescence studies the addition of Cu?*
(500 uM) to solution of 8, 9, and 12 (5 uM) [CH;CN-H,O
(4:1), HEPES buffer (10 mM)] caused immediate increase
in fluorescence intensity by nearly 10 times and remained
stable (£5%) for even 6h. On addition of EDTA
(500 uM), FI of this solution reversed back to original FI
of the fluorophore. Other heavy metal ions (500 pM) af-
fected fluorescence intensity only marginally (Fig. 4).
Also, the presence of alkali and alkaline earth metal ions
does not affect the fluorescence of these fluoroionophores.
These preliminary results clearly show that 8, 9, and 10
have selectively Cu?* induced fluorescence enhancement.

Fluoroionophores 8 and 12 [5 pM, CH;CN-H,O (4:1),
HEPES buffer (10 mM), pH 6.9] on gradual increase in
Cu(NO3), concentration showed a gradual increase in fluo-
rescence (Fig. 5a). The plot of fluorescence intensity of 8
versus concentration of Cu(NOs), exhibited a sharp increase
in fluorescence up to 10 equiv of Cu?* and then a slow change
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Figure 4. The effect of various metal ions (500 M) on the fluorescence of 8
(5 uM).

in fluorescence up to 80 equiv (400 uM) of Cu>* took place,
and a plateau was achieved. The spectral fitting of the data
shows the formation of ML, and M,L complexes with
log Bmp, = 10.4 0.3 and log Byy,;, = 7.6 £ 0.2. On initial
addition of Cu(NOjs),, ML, complex is formed, which
achieves a maximum concentration (40%) at 20 equiv of
Cu(NO3),. At this concentration, a small amount of M,L
(5%) is also observed. Furthermore, even on the addition of
100 equiv of Cu(NOs3),, only 50% of M,L along with 20%
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Figure 5. The effect of Cu”* on the fluorescence spectrum of 8 showing fluo-
rescence enhancement. (b) The speciation diagram showing % distribution
of ML, and M,L species with fluoroionophores 8 (5 tM, CH;CN) on addi-
tion of Cu(NO;), determined fluorometrically.
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ML, is observed (Fig. 5b).2* Similarly, 12 with Cu?* forms
ML, and M,L complexes with log By, = 9.1 £0.1 and
log Bm,1. = 7.2 &= 0.3 and points to an insignificant contribu-
tion of the central naphthalene ring in cation—7t interaction.

A solution of 9 (5 uM) [pH 6.9, HEPES (10 mM), CH;CN-
H->O (4:1)] on addition of Cu(NO3), showed FE at both A,
415 nm and 480 nm, which gradually increased with in-
creasing Cu(NOj3), concentration. In the case of anthracene
derivatives, such longer wavelength emission bands usually
arise due to excimer formation, but here the reason for ap-
pearance of this emission could not be ascertained
(Fig. 6a). The intensity of emission band at 480 nm along
with the monomer emission band increased with the increase
in the concentration of Cu(NOs), and reached almost max-
ima at 500 uM Cu(NOs),. The spectral fitting of the data
shows the formation of ML, and M,L complexes with
log By, = 9.8 £0.3 and log By, = 7.5 £ 0.2 (Fig. 6b).

To further explore the possibility of these fluoroionophores
to act as chromogenic sensor for Cu?*, the effect of Cu**
on the UV—-vis behavior of 8, 9, and 12 has been studied. Flu-
oroionophores 8, 9, and 12 (50 uM) showed significant low-
ering in absorbance on the addition of Cu(NOs3),.

The plot of absorbance at 367 nm versus Cu?* concentration
displays a linear decrease in the absorbance up to 10 equiv of
Cu(NOs), and then a plateau is achieved (Fig. 7b). On
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Figure 6. (a) The effect of Cu’* on the fluorescence of 9 and (b) curve fitting
of change in FI of 9 (5 uM) at 412 nm on addition of Cu(NO3), (@) exper-
imental points, (—) fitted line.
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Figure 7. (a) The effect of addition of Cu** on the absorption spectrum of 8
(50 uM) at 25+1 °C, pH 6.90 (HEPES 10 mM) in CH3;CN-H,0 (4:1). (b)
Curve fitting of change in FI of 8 (50 uM) at 412 nm on addition of
Cu(NO;), (@) experimental points, (—) fitted line.

addition of Cu(NO3), the solution became bright yellow in
color and a new broad band emerged at around 410 nm
(Fig. 7a). The absorbance of this band gradually increased
with increase in the concn of Cu(NOj), between 50 and
1000 uM (1-20 equiv). Similarly, 9 and 12, on addition of
Cu(NOs),, showed a decrease in absorbance at 348, 365,
and 387 nm due to the anthracene unit and increase in absor-
bance between 410 and 480 nm. This decrease in absorbance
due to the anthracene unit and the simultaneous increase in
absorbance between 400 and 480 nm regions could be attrib-
uted to metal-ligand complex formation. However, the low-
ering in absorbance (~30-40%) is significantly less than that
in the case of fluoroionophore 3 (~80%). The spectral fitting
of the UV-vis data also shows the formation of ML, and
M,L complexes with log By, = 10.1 £0.1, log By, =
7.1+0.3 for 8, log Bvr, =9.2+0.1, log By, =7.2 &
0.3 for 9, and log By, = 9.2+ 0.1, log By, = 7.1 £0.3
for 12.

2.3. The nature of metal induced fluorescence quenching
and/or enhancement in fluoroionophores 3, 8, 9, and 12

The fluorescence quenching in 3 on addition of Cu** could
be attributed to the strong interaction of anthracene with
Cu?*, which leads to easy electron transfer. The uncom-
plexed sensors 8, 9, and 12 are not fluorescent, as the
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photoexcited fluorophore is deactivated by a nonradiative
mode through the transfer of an electron from the highly re-
ducing proximate secondary amine group. Following metal
incorporation (in this case Cu?*), the metal-ligand interac-
tion decreases the amine oxidation potential drastically
and prevents the electron transfer. As a consequence, the in-
tense and characteristic anthracene emission is largely re-
stored. Therefore, on shifting the anthracene ring from
center of the molecule in fluoroionophore 3 to the terminal
in 8,9, and 12, the Cu?* induced fluorescence quenching
is reversed to fluorescence enhancement.

The pH titrations of 1:1 solutions of 8-Cu?*, 9-Cu?*, and 12-
Cu?* complexes showed that the change in fluorescence
achieved by the addition of Cu®* to the respective receptors
remained stable between pH 4.5 and 12. Therefore, 8, 9, and
12 can be used for the estimation of Cu?* between pH 4.5
and 12.

2.4. Application of 8, 9, and 12 as logic gates®®

Fluoroionophores 8, 9, and 12 have been designed according
to the principles of modular PET i.e. ‘receptor—spacer—fluo-
rophore’ format where the receptor and fluorophore are sep-
arated by a spacer. In simpler terms the fluorescence
emission from the fluorophore is prevented when the excited
state is deactivated by PET from the receptor and the recep-
tor loses its PET donor ability when it is occupied by the
matched analyte i.e. Cu?* here.

As we discussed earlier, in the photophysical behavior of 8,
9, and 12 toward metal ions and proton, either addition of
Cu?* or decreasing the pH of the solution below pH 2.0
caused sharp enhancement of fluorescence of 8, 9, and 12
at 412 nm. Similar results are obtained with 8, 9, and 12;
the results with only 9 have been discussed. So, these inputs
can be used for developing an OR logic gate (Fig. 8).%

The other demonstration of molecular information process-
ing was based on a photonic AND logic gate.>” Most of the
literature reports are based on molecules, which have been
designed according to the principles of PET ‘receptor—
spacer—fluorophore—spacer-receptor’ format where the
emission is observed only when both the receptors are bound
to their respective analytes. Here, ‘AND’ logic functioning
of 9 was tested in CH3;CN-H,O (4:1) by observing the emis-
sion spectrum under the different experimental conditions.
The solutions typically tested were 9 in the presence of

Iy 1, out
Cu?* pH  412nm
Iz 1 0 1
0 1 1
1 1 1

Figure 8. Molecular scale implementation of OR logic gates. (a) Logic sym-
bol and (b) truth table (input I;: state ‘0’, Cu**=0 uM; state ‘17,
Cu>*=500 uM; input : state ‘0’, pH>2; state ‘1°, pH<I; out: state ‘0’,
low emission; state ‘1’, high emission).

1000
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200 A

0 T T T T T T T T
375 430 485 540 595
Wavelength (nm)

Figure 9. Fluorescence emission spectrum of AND logic gate of 9 in
CH;3CN-H,0 (4:1) excited at 365 nm under four experimental conditions.
(A) 9, Cu®™*=0pM, pH=6.0; (B) 9, pH=2.5, Cu**=0uM; (C) 9,
Cu**=100 uM, pH=6.0; (D) 9, Cu**=100 uM, pH=2.5.

(A) pH=6.0 and Cu®*=0 pM, (B) pH=2.5 and Cu?*=0 pM,
(C) pH=6.0 and Cu**=100 pM, and (D) pH=2.5 and
Cu?*=100 uM (Fig. 9). The solution of free 9 has weak
emission due to PET to the fluorophore. On lowering the
pH to 2.5, the protonation was not affected and still
a weak emission was observed. On addition of Cu* at pH
6.0 a small increase in emission was observed (Figs. 9 and
10a), which is defined as the threshold value. However, on
the addition of Cu?* at pH 2.5 the emission intensity was in-
creased by ~200%. On addition of EDTA (100 uM), the FI
was lowered back to that of 9 at pH 2.5. These results clearly
show that complexation of 9 with Cu®* at pH 3.0 is respon-
sible for this fluorescence enhancement and rules out the
decomposition of 9 under experimental conditions.
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9 9+H" 9+Cu?*  9+H"+Cu*
Different inputs
(b) I I out
H* cu?* 412nm
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. ——
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l, —— 0 1 0
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Figure 10. (a) Fluorescence intensities of 9 (5 uM, CH;CN-H,0 (4:1)) at
412 nm with different chemical inputs. (b) Logic symbol and truth table (in-
put /;: state ‘0°, Cu®*=0 pM; state ‘1°, Cu>*=100 pM; input L: state ‘0’
pH=6.0; state ‘1’, pH=2.5; out: state ‘0’, low emission; state ‘1, high emis-
sion). The dashed line in 10a marks the threshold value.
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3. Conclusion

In conclusion, the hydrophobic environment achieved by the
presence of various aromatic rings and their appropriate
placement in fluorophores 3, 8, 9, and 12 provides stability
to their emission even when the pH is as low as 2 and their
complexes above pH 4. Furthermore, moving the anthracene
moiety in 3 from the center of the molecule to the termini in
cases of 8, 9, and 12 changes the fluorescence quenching to
fluorescence enhancement on addition of Cu?*. This stability
of fluorescence under acidic conditions and Cu?* induced
fluorescence enhancement can be elaborated to construct
OR and AND logic gates.

4. Experimental
4.1. General

Melting points were determined in capillaries and are uncor-
rected. 'H NMR spectra were recorded on JEOL Al
300 MHz instrument using CDClj; solution containing tetra-
methylsilane as an internal standard. The chemical shifts are
reported in 0 values relative to TMS and coupling constants
(J) are expressed in Hertz. '3C NMR spectra were recorded
at 75 MHz and the values are reported relative to CDClj; sig-
nal at 6 77.0. Chromatography was performed with silica gel
100-200 mesh and the reactions were monitored by thin
layer chromatography (TLC) with glass plates coated with
silica gel HF-254. 1,4-Bis(bromomethyl)benzene,?® 1,4-
bis(bromomethyl)-2,5-dimethoxybenzene,?® and 1,4-bis-
(chloromethyl)naphthalene® were prepared according to
the literature procedures.

4.2. General procedure for the preparation of receptors
3,6,7,and 11

In a two-necked round-bottomed flask, prewashed NaH
(110 mg, 4.59 mmol) was taken in dry DMF and 2-amino-
thiophenol (2) (522 mg, 4.17 mmol) was added with stirring
under nitrogen at 40+2 °C. The stirring was continued. Af-
ter the hydrogen evolution ceased, TBA HSO,4 (25-30 mg)
and  9,10-bis(chloromethyl)anthracene (1) (500 mg,
1.81 mmol) were added and stirring was continued for 24—
30 h. During this period, the reaction was completed. The
suspended solid was filtered off and washed with ethyl ace-
tate. The combined filtrate was distilled off under vacuum
and the residue was triturated with methanol to get the white
solid, which was crystallized from chloroform-methanol
(1:1) to isolate 3.

4.2.1. 9,10-Bis(2-aminophenylthio)anthracene (3). Yield:
703 mg, 85%, yellowish green, mp 186 °C (CHCl;); FAB
mass m/z 453 (M*+H); 'H NMR (CDCly): 6 4.63 (br s,
4H, 2xNH,, exchanges with D,0), 4.90 (s, 4H, 2xSCH,),
6.52 (t, J=7.6 Hz, 2H, ArH), 6.72 (d, J/=7.6 Hz, 2H, ArH),
7.07 (t, J=7.6 Hz, 2H, ArH), 7.23 (d, J=7.6 Hz, 2H, ArH),
7.46 (dd, 4H, J,=6.8 Hz, J,=3.2 Hz, ArH), 8.28 (dd, 4H,
J1=6.8 Hz, J,=3.2 Hz, ArH); '3C NMR (CDCl5): § 32.8,
114.9, 116.6, 124.6, 125.5, 127.7, 129.7, 129.8, 130.3,
136.5, 148.7; IR Apmax (cm™1): 3477, 3363 (d, NH,). Found
C, 741, H, 53, N, 6.2%. C28H24N252 requires C, 7430,
H, 5.34; N, 6.19; S, 14.17%.

4.2.2. 1,4-Bis(2-aminophenylthio)benzene (6). Yield:
60%, mp 101-103 °C (lit. mp 104-106 °C) (CH,Cl,—
MeOH); FAB mass m/z 353 (M*+H); 'H NMR (CDCl5):
0 3.63 (br s, 4H, 2xNH,, exchanges with D,0), 3.82 (s,
4H, 2xCH,S), 6.55-6.67 (m, 4H, ArH), 6.97 (s, 4H, ArH),
7.04-7.18 (m, 4H, ArH); '3C NMR (normal/DEPT-135)
(CDCl3): 6 39.3 (—ve, CH,), 114.8 (+ve, ArCH), 117.2
(ab, ArC), 118.4 (+ve, ArCH), 128.8 (+ve, ArCH), 130.0
(+ve, ArCH), 136.5 (+ve, ArCH), 137.1 (ab, ArC), 148.6
(ab, ArC); IR Anax (em™1Y): 3465, 3367 (d, NH,). Found C,
67.9; H, 5.7; N, 7.9; S, 17.95%. C,HyoN,S, requires C,
68.14; H, 5.72; N, 7.95; S, 18.19%.

4.2.3. 1,4-Bis(2-aminophenylthio)-2,5-dimethoxy-ben-
zene (7). Yield: 70%, mp 148-149 °C (CH,Cl,—~MeOH);
FAB mass m/z 412 (M*); '"H NMR (CDCls): 6 3.57 (s, 6H,
2x0OCHs), 3.87 (s, 4H, 2xCH,S), 4.23 (br s, 4H, due to
NH,, exchanges with D,O), 6.31 (s, 2H, ArH), 6.62 (t,
J=17.5 Hz, 2H, ArH), 6.70 (d, J/=7.5 Hz, 2H, ArH), 7.10 (t,
J=7.5Hz, 2H, ArH), 7.21 (d, J=7.5 Hz, 2H, ArH); '3C
NMR (normal/DEPT-135) (CDCl3): 6 33.9 (—ve, CH,),
56.0 (+ve, OCHj), 113.4 (+ve, ArCH), 114.7 (+ve, ArCH),
117.5 (ab, ArC), 118.3 (+ve, ArCH), 125.9 (ab, ArC),
130.0 (+ve, ArCH), 136.9 (+ve, ArCH), 148.9 (ab, ArC),
150.4 (ab, ArC); IR Amax (cm™Y): 3470, 3367 (d, NH,).
Found C, 63.88; H, 5.74; N, 6.53; S, 15.41%.
C2Hy4N>0,S, requires C, 64.05; H, 5.86; N, 6.79; S,
15.54%.

4.2.4. 1,4-Bis(2-aminophenylthio)naphthalene (11).
Yield: 55%, white solid, mp 76-78 °C; FAB mass m/z 402
(M*); '"H NMR (CDCls): 6 3.77 (br s, 4H, 2xNH,, ex-
changes with D,0), 4.29 (s, 4H, 2xCH,S), 6.57-6.65 (m,
4H, ArH,), 6.83 (s, 2H, ArH), 7.09 (t, J=7.5Hz, 2H,
ArH), 7.17 (d, J=7.5 Hz, 2H, ArH), 7.55 (dd, J,=6.6 Hz,
J»=3.3 Hz, 2H, ArH), 8.16 (dd, J,=6.6 Hz, J,=3.3 Hz,
2H, ArH); '3C NMR (normal/DEPT-135) (CDCly): ¢ 37.7
(—ve, CH,), 114.8 (+ve, ArCH), 117.6 (ab, ArC), 118.4
(+ve, ArCH), 124.6 (+ve, ArCH), 125.9 (+ve, ArCH),
126.6 (+ve, ArCH), 130.1 (+ve, ArCH), 131.6 (ab, ArC),
133.5 (ab, ArC), 136.6 (+ve, ArCH), 148.7 (ab, ArC); IR
Amax (cm™1): 3467, 3360 (d, NH,). Found C, 71.87; H,
5.74; N, 6.73; S, 15.91%. C,4H,,N,S, requires C, 71.6; H,
5.51; N, 6.96; S, 15.93%.

4.3. General procedure for the preparation of receptors
8,9, and 123!

The solution of 6 (300 mg, 0.85 mmol) and anthracene-9-al-
dehyde (228 mg, 1.1 mmol) in dry THF (30 ml) containing
a suspension of MgSO, (dry) (409 mg, 3.4 mmol) was
stirred for 48 h at room temperature. MgSO, was filtered
off and washed with dry THF. The combined filtrate was
treated with NaBH,4 (77 mg, 2.12 mmol) and I, (216 mg,
0.85 mmol). The reaction mixture was refluxed for 36 h.
This was then cooled and treated with methanolic KOH
(2%, 20 ml). Then it was diluted with water and was ex-
tracted with CH,Cl,. The solvent was distilled off and the
residue was purified through column chromatography over
silica using CH,Cl,~hexane as an eluant to get 8.

4.3.1. 1-[2-(Anthracenyl-9-methylamino)phenylthio-
methyl]-4-(2-aminophenylthiomethyl)benzene (8). Yield:
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20%, yellow solid, mp 121-123 °C; FAB mass m/z 542 (M*);
'"H NMR (CDCl5): 6 3.58 (s, 2H, CH,S), 3.75 (s, 2H, CH,S),
4.13 (s, 2H, NH,, exchanges with D,0), 5.17 (br s, 2H,
CH,N), 5.21 (br s, 1H, NH, exchanges with D,0), 6.60 (t,
J=7.5Hz, 1H, ArH), 6.63-6.67 (m, 2H, ArH), 6.69 (d,
J=7.5 Hz, 2H, ArH), 6.80 (d, J/=7.5 Hz, 2H, ArH), 7.04-
7.11 (m, 2H, ArH), 7.14 (d, J=7.5 Hz, 1H, ArH), 7.21 (d,
J=7.5Hz, 1H, ArH), 7.39 (t, J=7.5 Hz, 1H, ArH), 7.46-
7.54 (m, 4H, ArH), 8.06 (d, /=9.0 Hz, 2H, ArH), 8.25 (d,
J=9.0 Hz, 2H, ArH), 8.50 (s, 1H, ArH); '>*C NMR (normal/
DEPT-135) (CDCls): 6 38.8 (—ve, CH,), 39.4 (—ve, CH,),
40.8 (—ve, CH,), 110.0 (+ve, ArCH), 114.8 (+ve, ArCH),
117.0 (+ve, ArCH), 117.2 (ab, ArC), 117.3 (ab, ArC),
118.4 (+ve, ArCH), 124.1 (+ve, ArCH), 125.2 (+ve,
ArCH), 126.5 (+ve, ArCH), 128.0 (+ve, ArCH), 128.6
(+ve, ArCH), 128.7 (+ve, ArCH), 129.2 (+ve, ArCH),
130.0 (+ve, ArCH), 130.5 (ab, ArC), 130.6 (+ve, ArCH),
131.5 (ab, ArC), 136.5 (+ve, ArCH), 136.6 (ab, ArC),
136.7 (+ve, ArCH), 136.9 (ab, ArC), 148.6 (ab, ArC),
149.1 (ab, ArC); IR A, (cm™1): 3463, 3363 (NH,). Found
C,77.23; H, 5.38; N, 4.98; S, 11.61%. C35H39N,S, requires
C,77.45,H,5.57; N, 5.16; S, 11.82%.

4.3.2. 1-[2-(Anthracenyl-9-methylamino)phenylthio-
methyl]-4-(2-aminophenylthiomethyl)-2,5-dimethoxy-
benzene (9). Yield 28%, yellow solid, mp 124-125 °C
(CH,Cl,-MeOH); FAB mass m/z 602 (M*); '"H NMR
(CDCls): 6 3.11 (s, 3H, OCH5), 3.40 (s, 3H, OCH3), 3.65
(s, 2H, CH,S), 3.79 (s, 2H, CH,S), 5.19 (br s, 2H, NH,, ex-
changes with D,0), 5.21 (s, 2H, CH,N), 6.14 (s, 1H, ArH),
6.18 (s, 1H, ArH), 6.59-6.70 (m, 3H, ArH), 7.06-7.19 (m,
3H, ArH), 7.31 (d, J=1.6 Hz, 1H, ArH), 7.48-7.54 (m, 5H,
ArH), 8.06 (d, /=9.4 Hz, 2H, ArH), 8.27 (d, /=9.4 Hz, 2H,
ArH), 8.51 (s, 1H, ArH); '3C NMR (normal/DEPT-135)
(CDCl3): 6 33.5 (—ve, CH,), 34.0 (—ve, CH,), 41.0 (—ve,
CH,), 55.5 (+ve, OCHj3), 55.8 (+ve, OCHj3), 109.9 (+ve,
ArCH), 113.2 (+ve, ArCH), 114.7 (+ve, ArCH), 116.9
(+ve, ArCH), 117.5 (ab, ArC), 117.6 (ab, ArC), 118.2 (+ve,
ArCH), 124.1 (+ve, ArCH), 125.2 (+ve, ArCH), 125.3 (ab,
ArC), 125.8 (ab, ArC), 126.5 (+ve, ArCH), 127.9 (+ve,
ArCH), 129.1 (+ve, ArCH), 129.2 (ab, ArC), 129.9 (+ve,
ArCH), 130.5 (+ve, ArCH), 130.6 (ab, ArC), 131.5 (ab,
ArC), 136.9 (+ve, ArCH), 137.0 (+ve, ArCH), 148.8 (ab,
ArC), 149.4 (ab, ArC), 150.3 (ab, ArC), 150.5 (ab, ArC);
IR Ay (cm™Y): 3429, 3380, 3334 (NH,). Found C, 73.57;
H, 5.52; N, 4.52; S, 10.47%. C37H34N,0,S, requires C,
73.72; H, 5.69; N, 4.65; S, 10.64%.

4.3.3. 1-[2-(Anthracenyl-9-methylamino)phenylthio-
methyl]-4-(2-aminophenylthiomethyl)naphthalene (12).
Yield: 27%, yellow solid, mp 135-137 °C; FAB mass 592
(M*); 'H NMR (CDCl3): 6 4.05 (s, 2H, CH,S), 4.19 (s,
2H, CH,S), 5.21 (br s, 2H, NH,, exchanges with D,0),
5.23 (br s, 2H, CH,N), 6.56-6.69 (m, SH, ArH), 6.97 (t,
J=7.5Hz, 1H, ArH), 7.05-7.15 (m, 3H, ArH), 7.24 (d,
J=7.5Hz, 1H, ArH), 7.32-7.44 (m, 2H, ArH), 7.46-7.53
(m, 4H, ArH), 7.75 (d, J=8.4 Hz, 1H, ArH), 7.99 (d,
J=8.4Hz, 1H, ArH), 8.08 (d, J=7.5 Hz, 2H, ArH), 8.27
(d, J=7.5 Hz, 2H, ArH), 8.54 (s, 1H, ArH); >*C NMR (nor-
mal/DEPT-135) (CDCls): 6 37.2 (—ve, CH,), 37.7 (—ve,
CH,), 40.8 (—ve, CH,), 110.1 (+ve, ArCH), 114.8 (+ve,
ArCH), 117.1 (+ve, ArCH), 117.7 (ab, ArC), 118.4 (+ve,
ArCH), 124.1 (+ve, ArCH), 124.3 (+ve, ArCH), 125.2

(+ve, ArCH), 125.6 (+ve, ArCH), 126.5 (+ve, ArCH),
125.7 (+ve, ArCH), 126.6 (+ve, ArCH), 126.7 (+ve,
ArCH), 128.1 (+ve, ArCH), 129.2 (+ve, ArCH), 130.1
(+ve, ArCH), 130.5 (ab, ArC), 130.8 (+ve, ArCH), 131.4
(ab, ArC), 131.6 (ab, ArC), 133.4 (ab, ArC), 136.6 (+ve,
ArCH), 137.0 (+ve, ArCH), 148.7 (ab, ArC), 149.3 (ab,
ArC). Found C, 78.93; H, 5.33; N, 4.56; S, 10.67%.
C30H3,N,S, requires C, 79.02; H, 5.44; N, 4.73; S, 10.82%.

4.4. UV-vis and fluorescence experiments

UV-vis absorption and fluorescence spectra were recorded
on Shimadzu UV-1601-PC spectrophotometer and Shi-
madzu RF1501 spectrofluorophotometer with a 1 cm quartz
cell at 2540.1 °C. The solutions of fluoroionophores 3, 8, 9,
and 12 and metal nitrates were prepared in double distilled
acetonitrile. A number of solutions containing 3/8/9/12
(5 uM) and different concentrations of metal nitrates were
prepared and kept at 2511 °C for 2 h before recording their
absorption or fluorescence spectra. The spectra obtained
were analyzed through curve fitting procedures by using
SPECFIT 3.0.36 to determine the stability constants and
the distribution of various species.

4.5. pH titration experiments

The pH titrations of 3 (S5 uM), 8, 9, and 12 (1 pM) in
CH;CN-H,O (4:1 v/v) were performed with acid (HCl) to
investigate the <7 pH range and in a separate experiment
with base (NaOH) to investigate the >7 pH range and at reg-
ular intervals pH fluorescence spectra were recorded.

4.6. Experimental procedure for AND gate

Solution containing 9 (5 pM) was treated with HCI and pH
of the solution was adjusted to 2.5 and fluorescence spec-
trum was recorded. In a separate experiment, a solution con-
taining 9 (5 uM) and copper nitrate (100 pM) was prepared
in CH;CN-H,O (4:1 v/v) at pH 6.0 separately in a 50 ml
measuring flask and recorded its fluorescence spectrum.
Then the pH of the solution was changed with acid (HCI)
and at regular intervals pH fluorescence spectra were re-
corded.
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