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bstract

A PET fluorescence signaling system L1 has been synthesized in the ‘Receptor1-Spacer-Fluorophore-Spacer-Receptor2’ format through
ttachment of a laterally non-symmetric heteroditopic cryptand and a 4,7,10,13-tetraoxa-1-azacyclopentadecane macrocycle at the 9- and 10-
ositions of anthracene. The cryptand receptor is derivatized with two 2,4-dinitrobenzene groups to impart structural rigidity. This system

xhibits selective fluorescence enhancement in presence of Na(I) and Tl(I) ions simultaneously and mimics the AND logic function. The
ryptand receptor also binds a Cu(II) ion outside the cavity and allows L1 to perform as an INHIBIT chemical logic in presence of H+ and
u(II) ions.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Design of chemosensors and chemical logics [1–3] through
uorescence enhancement has led to a number of systems in
ecent years because fluorescence has become one of the most
ensitive analytical tools. Such systems can operate on the photo-
nduced intramolecular electron transfer (PET) mechanism [4]
hen built in the format, “fluorophore-spacer-receptor”. The
odular design characteristic of this format allows one to

robe specificity as well as mode of logic operation. Several
two ionic input-one fluorescence output’ systems are known
n the literature to emulate the AND logic gate behavior [5]
here the inputs have been mostly a combination of proton

nd alkali/alkaline earth cation. Use of a transition metal ion
n these cases can be potentially important due to its redox
ctivity. A cryptand-based receptor is ideal here as once a tran-
ition metal ion enters the cavity of the receptor, it is isolated
rom the surroundings that can nullify most if not all, of the

uenching pathways [6]. Following this argument, we reported
n a recent communication [7], a multi-receptor fluorescence
ignaling system exhibiting AND logic operation in presence

∗ Corresponding author. Tel.: +91 512 2597340.
E-mail address: pkb@iitk.ac.in (P.K. Bharadwaj).
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Logic functions

f a transition and Na(I) ions. We show here that once the
ryptand core is derivatized with 2,4-dinitrobenzene groups,
t acts as a specific receptor for Tl(I). Selectivity is the prime
oncern in the design of fluorescence signaling probes for bio-
ogical as well as environmental aspects. Thallium is extensively
sed now-a-days in photoelectric cells, electronics and semi-
onductors, lamps, optical lenses, etc. as well as rodenticide.
owever, its toxic effect poses severe health hazards [8] and so

he development of sensors for Tl(I) demands immediate atten-
ion. The fluorescence signaling system L1 (Fig. 1) described
erein, exhibits fluorescence enhancement in simultaneous pres-
nce of Na(I) and Tl(I) ions selectively to mimic the AND
ogic action. The choice of the receptors are based on their
inding abilities towards different types of metal ions, i.e. the
za-oxa crown ether has a higher binding affinity towards an
lkali/alkaline earth metal ion whereas the cryptand is known
or their tendency to form highly stable inclusion complexes
ith transition metal ions due to the cryptate effect. The rigidi-
cation of the cryptand architecture with electron-withdrawing
roups allows Tl(I) selectively to enter its cavity while Na(I)
referentially complexed to the macrocyclic receptor, hence in

he simultaneous presence of both these ions, the PET opera-
ive in L1 from both the receptor ends gets suppressed result-
ng in fluorescence enhancement. We had shown earlier [9]
hat attachment of electron-withdrawing 2,4-dinitrobenzene/4-

mailto:pkb@iitk.ac.in
dx.doi.org/10.1016/j.jphotochem.2006.06.014
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Fig. 1. Chemical structure of L1.

itrobenzene groups to the cryptand forces it to bind a Cu(II)
on in MeCN in an exocyclic fashion. Thus, L1 here exhibits a
wo input INHIBIT logic action in the simultaneous presence of
u(II) and H+.

. Experimental

.1. Analysis and measurements

The compounds were characterized by elemental analyses,
H NMR, 13C NMR and mass (positive ion) spectroscopy. 1H
MR and 13C NMR spectra were recorded on a JEOL JNM-
A400 FT (400 MHz and 100 MHz, respectively) instrument in
DCl3 with Me4Si as the internal standard. FAB mass (positive

on) data were recorded on a JEOL SX 102/DA-6000 mass spec-
rometer using argon as the FAB gas at 6 kV and 10 mA with an
ccelerating voltage of 10 kV and the spectra were recorded at
98 K. Melting points were determined with an electrical melt-
ng point apparatus by PERFIT, India and were uncorrected.
lemental analyses were done in an Elementar Vario EL III
arlo Erba 1108 elemental analyzer. UV–visible spectra were

ecorded on a JASCO V-570 spectrophotometer at 298 K in
0−4 to 10−5 M concentration. Steady-state fluorescence spec-
ra were obtained with a Perkin-Elmer LS 50B Luminescence
pectrometer at 298 K. Fluorescence quantum yield was deter-
ined [10] in each case by comparing the corrected spectrum
ith that of anthracene (φ = 0.297) [11] in ethanol by taking the

rea under the total emission. The error in total fluorescence
uantum yield (φFT) is 10% for the free ligand, otherwise 5% in
ach case.

.2. Materials

All reagent grade chemicals were used as received
nless otherwise specified. Triethanolamine, salicylaldehyde,
ris(2-aminoethyl)amine, 9-anthracene methanol, 2,4-dinitro-1-
hlorobenzene, sodium borohydride and the metal salts were

btained from Aldrich (U.S.A.). Thallium(I) triflate salt was
repared according to the procedure reported in literature.
odium hydroxide, anhydrous sodium sulfate, potassium car-
onate, perchloric acid and thionyl chloride were received

8
N
1
4

otobiology A: Chemistry 185 (2007) 231–238

rom S.D. Fine Chemicals (India). Thionyl chloride and the
olvents were freshly distilled prior to use following the lit-
rature procedures [12]. The purified solvents were found to
e free from impurities, moisture and were transparent in the
egion of interest. The reactions were carried out under N2
tmosphere. Chromatographic separation was achieved using
00–200 mesh silica gel obtained from Acme Synthetic Chem-
cals, India.

.3. Synthesis

The synthetic route to L1 is given in Scheme 1.

.3.1. Synthesis of triethylene glycol ditoluenesulfonate, 1
Synthesis of this compound was achieved following a litera-

ure procedure [13]. Yield: 90%; M. pt. 81 ◦C (lit. 80.5–81.5 ◦C);
H NMR (400 MHz, CDCl3, 25 ◦C, TMS) δ: 2.39 (s, 6H), 3.54
t, 12H), 3.75 (t, 4H), 7.40 (d, 4H), 7.82 (d, 4H); 13C NMR
100 MHz, CDCl3, 25 ◦C, TMS) δ: 144.2, 131.5, 130.9, 128.7,
1.2, 70.0, 62.5, 21.6; ESI-MS, m/z (%): 458 (100) [M+] Anal.
alcd. for C20H26O8S2: C, 52.39; H, 5.72. Found: C, 52.31; H,
.79%.

.3.2. Synthesis of 4,7,10,13-tetraoxa-1
azacyclopentadecane, 2

The macrocycle 2 was synthesized via condensation of 1
ith bis-(hydroxyethyl) amine as per the reported [14] proce-
ure. Yield: 35%, M. pt. 29 ◦C (lit. 34 ◦C); 1H NMR (400 MHz,
DCl3, 25 ◦C, TMS) δ: 2.74 (t, J = 6 Hz, 4H, NCH2), 3.03 (s,
H, NH), 3.55–3.75 (m, 16H, 8× OCH2); ESI-MS, m/z (%):
20 (100) [M + 1]+; Anal. calcd. for C10H21N1O4: C, 54.78; H,
.65; N, 6.39. Found: C, 54.69; H, 9.71; N 6.32%.

.3.3. Synthesis of 1-(9′-methylanthracenyl)-4,7,10,13-
etraoxa-1-azacyclopentadecane, 3

To a solution of the macrocycle 2 (1.0 g; 4.6 mmol) in dry
cetonitrile, anhydrous K2CO3 (0.63 g; 4.6 mmol) was added
nd stirred for 15 min. Solid 9-bromomethyl anthracene (1.25 g,
.6 mmol) was then added along with a crystal of KI and the
eaction mixture was stirred first at 60 ◦C under nitrogen atmo-
phere for 12 h and then refluxed for 36 h whereupon a small
mount of a yellow solid precipitated out. After cooling to RT,
he solvent was removed under vacuum. The solid remained was
ashed several times with water, extracted with CHCl3 and the
rganic layer after drying over anhydrous Na2SO4, evaporated
o dryness to obtain a yellow solid. The product was purified
nd isolated by column chromatography through a silica gel
100–200 mesh) using 5% ethyl acetate in chloroform as the
luent.

Yield: 68%; 1H NMR (400 MHz, CDCl3, 25 ◦C, TMS) δ: 2.93
t, J = 5.56 Hz, 4H, 2× NCH2), 3.48–3.56 (m, 16H, 8× OCH2)
.63 (s, 2H, An-CH2), 7.36 (t, 2H, J = 7.55 Hz, An-H3,6), 7.44
t, 2H, J = 7.55 Hz, An-H2,7), 7.89 (d, J = 7.79 Hz, 2H, An-H4,5),

.31 (s, 1H, An-H10), 8.39 (d, 2H, J = 8.75 Hz, An-H1,8); 13C
MR (100 MHz, CDCl3, 25 ◦C, TMS) δ: 131.2, 128.9, 127.9,
26.0, 124.8, 71.4, 71.0, 70.4, 70.1, 69.5, 68.7, 60.9, 54.6, 49.8,
5.5, 27.3; FAB-MS, m/z (%): 410 (100) [M + 1]+; Anal. calcd.
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Scheme 1. Synthetic route to L1. Reagent and conditions: (i) NaOH, p-toluene sulfonyl chloride, THF: H2O (2:1), 0 ◦C; (ii) Na in tert-butanol, 40 ◦C; (iii) PPh3,
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r2, MeCN, 25 ◦C; (iv) K2CO3, MeCN, KI; (v) paraformaldehyde, 30% HBr in
vii) MeCN, K2CO3, KI, reflux, 72 h.

or C25H31N1O4: C, 73.32; H, 7.63; N, 3.42. Found: C, 73.21;
, 7.68; N 3.34%.

.3.4. Synthesis of 9′-methyl(4,7,10,13-tetraoxa-1-
zacyclopentadecanyl)-10′-bromomethyl anthracene, 4

To a stirring solution of paraformaldehyde (0.190 g;
.4 mmol) in 30% HBr in AcOH solution (30 mL), compound 3
2.6 g; 6.4 mmol) was added and heated for 2 h at 40 ◦C under

2 atmosphere. The reaction mixture was then poured into ice-
ater (150 mL) and extracted with CHCl3 (50 mL). The organic

ayer, after drying over anhydrous Na2SO4, was evaporated to
ryness under reduced pressure to obtain a deep yellow solid.
ecrystallization from acetonitrile yields a yellow solid as the
esired product. Yield: 52%; 1H NMR (400 MHz, CDCl3, 25 ◦C,
MS) δ: 2.45 (t, J = 5.56 Hz, 2× NCH2, 4H), 3.41–3.54 (m, 16H,
× OCH2), 4.13 (s, 2H, An-9-CH2), 5.09 (s, 2H, An-10-CH2),
.41 (t, J = 6.31 Hz, 2H, An-H2,7), 7.47 (t, J = 6.83 Hz, 2H, An-
3,6), 7.81 (d, J = 8.39 Hz, 2H, An-H4,5), 7.99 (d, J = 8.55 Hz,
H, An-H1,8); 13C NMR (100 MHz, CDCl3, 25 ◦C, TMS) δ:
35.9, 132.3, 129.2, 127.3, 126.3, 125.5, 125.4, 70.2, 69.8, 68.7,
5.4, 52.3, 33.4; FAB-MS, m/z (%): 503 (80) [4]+; Anal. calcd.
or C26H32N1O4 Br: C, 62.15; H, 6.42; N, 2.79. Found: C, 62.01;
, 6.53; N 2.71%.

.3.5. Synthesis of the cryptand Lo
Cryptand Lo was synthesized as reported [15] earlier.
.3.6. Synthesis of B
Cryptand Lo was allowed to react with 2,4-dinitro-1-

hlorobenzene in 1:1.8 molar ratio that afforded tris-, bis- and

4
N
N
2

, 45 ◦C, 2 h; (vi) 2,4-dinitro-1-chlorobenzene (1.8 equiv.), K2CO3, EtOH, 24 h;

ono-2,4-dinitrobenzene substituted products. The three com-
onents were separated in a silica gel column (100–200 mesh)
16]. The desired product B was isolated as a fine yellow crys-
alline solid. Yield: 0.26 g (29%); M. pt.: 105 ◦C; 1H NMR
400 MHz, CDCl3, TMS, 25 ◦C) δ: 2.52 (br s, 6H), 2.70 (br
, 2H), 3.15–3.18 (m, 4H), 3.28–3.36 (m, 6H), 3.93 (s, 2H), 4.13
br s, 4H), 4.29 (br s, 2H), 4.45 (s, 4H), 6.78–7.18 (m, 14H),
.93 (d, J = 9.3 Hz, 2H), 8.54 (s, 2H); FAB-MS, m/z (%): 892
100) [B]+; Anal. calcd. for C45H49N9O11: C, 60.59; H, 5.54;
, 14.13%. Found: C, 60.63; H, 5.63; N, 14.09%.

.3.7. Synthesis of L1
To a solution of B (0.45 g; 0.5 mmol) in dry MeCN, anhy-

rous K2CO3 (0.08 g; 0.6 mmol) was added and stirred for
5 min under N2 atmosphere. Compound 4 (0.25 g; 0.5 mmol)
as added to it along with a crystal of KI and the reaction mixture
as allowed to reflux for 72 h when a bright yellow solid pre-

ipitated out. After cooling to RT, the precipitate was collected
y filtration, washed several times with water and extracted with
HCl3. The organic layer after drying over anhydrous Na2SO4,
as evaporated to dryness to obtain a yellow solid. Purifica-

ion of the product as a bright yellow powder was done by
olumn chromatography with silica gel (100–200 mesh) and
% ethyl acetate in chloroform as the eluent. Yield: 79%. 1H
MR (400 MHz, CDCl3, 25 ◦C, TMS) δ: 2.15 (br s, 6H, 3×
H2), 2.30 (br s, 6H, 3× CH2), 2.75 (t, 6H, 3× CH2), 3.25 (s,

H, 2× N-CH2(mac)), 3.5–3.7 (br s, 22H, 8× OCH2(mac)) and 3×
-CH2-Ph(cryp)), 4.25 (br s, 6H, 3× CH2), 4.48 (s, 2H, An-CH2-
mac), 4.52 (s, 2H, An-CH2-Ncryp), 7.09 (d, 3H, Ph-H2), 7.28 (d,
H, nitroBz-H6), 7.34 (d, 2H, nitroBz-H5), 7.43 (d, 3H, Ph-H5),
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Table 1
The absorption (λabs

max) and emission (λLE
max), exciplex maxima (λEX) and fluo-

rescence quantum yield (φFT) of L1 in different solvents

Solvents λabs
max, nm λLE

max, nm λEX, nm φFT

Cyclohexane 364 (n.d.) 405 523 n.d.
n-Hexane 366 (n.d.) 407 524 n.d.
1,4-Dioxane 373 (18048) 415 525 0.0113
Toluene 378 (10597) 423 522 0.0114
CHCl3 379 (18774) 425 534 0.0043
Ethyl acetate 376 (24159) 419 – 0.0047
THF 379 (27350) 425 544 0.0022
DCM 379 (36002) 424 552 0.0034
DMSO 381 (23406) 428 – 0.0041
Acetone 378 (19292) 422 – 0.0027
DMF 380 (26971) 427 – 0.0039
Ethanol 370 (13442) 420 – 0.0023
A
M

h
o
o
w
a
i
t
r
e
t

3

a
t

F
L
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.54 (m, 4H, An-H2,3,6,7), 7.68 (t, 6H, Ph-H3,4), 8.08 (d, 2H,
n-H4,5), 8.72 (s, 2H, nitroBz-H3), 8.99 (d, 2H, An-H1,8); 13C
MR (100 MHz, CDCl3, 25 ◦C, TMS) δ: 156.9, 147.6, 136.6,
31.2, 129.1, 128.2, 127.2, 125.1, 124.7, 123.5, 121.0, 118.0,
10.9, 73.2, 72.6, 71.5, 70.1, 68.9, 66.4, 61.7, 61.0, 54.7, 52.9,
1.8, 49.9, 29.6, 27.4; FAB-MS, m/z (%): 1315 (59) [M + 1]+;
nal. calcd. for C71H80N10O15 [1313.45]: C, 64.93; H, 6.14; N,
8.27. Found: C, 65.07; H, 6.22; N 18.13%.

. Results and discussion

.1. UV–visible absorption spectroscopy

The UV–vis absorption properties of L1 were determined in
ifferent solvents. In all the cases, the absorption spectral pattern
f metal-free L1 in the 350–450 nm region indicates an overlap-
ing of two different types of transitions: (i) an intramolecular
harge transfer (ICT) from the donor N-atom of the cryptand
o the acceptor dinitrobenzene groups; (ii) anthracene-localized
→ �* transition and its vibrational structures [17]. However,

he vibrational structures are not typical of anthracene due to
possible interaction with the 2,4-dinitrobenzene group in the
round state. The absorption maximum (λabs

max) in the visible
egion is found to be slightly solvatochromic in nature – it
bsorbs at 364 nm in non-polar cyclohexane and at 381 nm in
relatively polar DMSO (Table 1). The band at ∼260 nm is

ttributable to the �–� interaction between the phenyl of the
ide-groups and the anthracene in the ground state along with
ts S0 → S3 transition, and found to be slightly solvatochromic
n nature.

Upon complexation with alkali and alkaline earth metals, the
olar extinction coefficient decreases retaining the absorption

pectral pattern of L1 (Fig. 2a). Complexation with transition as

ell as heavy metal ions investigated also exhibits similar spec-

ral features except for Cu(II) and Pb(II), where complexation
odulates the Frank-Condon vibrational structures of the ligand

bsorption transitions shifting the absorption maxima towards

b
a
n
t

ig. 2. Absorption spectra of L1 in presence of different ionic inputs (a) Na(I), Tl(I),

1 = 1.6 × 10−5 M) in MeCN.
cetonitrile 378 (15411) 422 – 0.0016
ethanol 379 (14778) 419 – 0.0019

igh energy region. This is indicative of a different binding mode
f L1 with Cu(II) and Pb(II) in the ground state in contrast to
ther metal ions. Furthermore, protonation of L1 is associated
ith large increase in molar extinction coefficient (ε) as well

s blue shifts of the absorption transitions (Fig. 2b) in the vis-
ble region as it enhances the charge transfer character [18] in
he molecule. The position of the absorption band in the UV
egion remains unaffected upon complexation, though the molar
xtinction coefficient values vary to an extent depending upon
he nature of the metal ion.

.2. Emission spectral behavior of L1

The cation free L1 exhibits a dual emission consisting of
well-resolved anthracene monomer emission corresponding

o locally excited (LE)1 (�–�*) state along with a red-shifted

road structureless emission centered at 520–570 nm. The oper-
tive ICT due to D-�-A fragment of the cryptand moiety is
on-emissive [19]. The (0, 0) band of the LE emission is cen-
ered at ∼402 nm along with the vibrational structures at 425

Na(I) + Tl(I) (conc. of L1 = 1.2 × 10−5 M) in THF and (b) Cu(II), H+ (conc. of
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Fig. 3. Plot of νex (cm−1) as a function of solvent polarity parameters
(�f = f − 0.5f′) and its linear regression following Weller’s equation. Solvents
u
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sed (a) n-hexane, (b) cyclohexane, (c) 1,4-dioxane, (d) toluene, (e) chloroform,
f) tetrahydrofuran and (g) dichloromethane.

nd 441 nm in THF. This emission is found to be slightly solva-
ochromic in nature, the emission maxima (λmax) is observed at
05 nm in non-polar cyclohexane which is 23 nm blue-shifted in
elatively polar DMSO. The absorption and emission maxima
nd position of exciplex (λex) in various solvents are given in
able 1.

The structureless broad emission band ∼550 nm is due to an
ntramolecular exciplex [20] formation which is red-shifted with
ncrease in solvent polarity. A linear relationship is observed
hen νex(max) is plotted (Fig. 3) against solvent polarity param-

ter in consistent with the Weller’s equation [21].
On the basis of the plot, based on the Weller’s equation, the

xcited state dipole moment μex for L1 is calculated to be 31.1 D.

he values of μex thus obtained should be considered as tentative
s it is based on several approximation, the Onsager cavity radius
f L1 in particular. The high value of μex in L1 in comparison
o that obtained for intramolecular exciplexes in tris-anthracene

c
w
t
[

ig. 4. (a) Fluorescence emission spectra for L1 with different inputs exhibiting AND
.4 × 10−6 M) as a function of equivalents of metal ion added in MeCN.
otobiology A: Chemistry 185 (2007) 231–238 235

ubstituted Lo [22] is indicative of a favorable charge transfer
n the excited state.

In the absence of any input, the fluorescence quantum yield
φF) is low due to efficient photo-induced electron transfer (PET)
rom the HOMO of the donor tert-N-atom to the excited fluo-
ophore. However, φF is found to be higher in solvents with low
olarity in comparison to that in the solvents of high polarity.
his is because, PET is facilitated in polar media due to favor-
ble charge-dipole and H-bonding interactions with the solvent
olecules.

.3. Fluorescence emission in presence of metal ions

The fluorescence quantum yield of L1 does not vary to any
ignificant extent in presence of alkali/alkaline earth metal ions.
his is because, these ions occupy the macrocyclic receptor

receptor1) only and disrupts the PET process operative from
hat end where as the cryptand (receptor2) remains empty keep-
ng the PET from that end operational. Even when excess of
lkali metal ion is added, the metal may bind to the upper
eck of the receptor2 that does not block the PET as observed
22,23] earlier. When both the receptors are simultaneously
ccupied, only then the PET will be blocked from both ends
eading to recovery of fluorescence. However, empirically it
s found that only in the simultaneous presence of Na(I) and
l(I), a 82-fold fluorescence enhancement takes place in MeCN.
his shows that derivatization of the cryptand has rendered

t to be a Tl(I) specific receptor. The fluorescence spectral
ehavior of L1 is shown in Fig. 4a. The shape and peak posi-
ion of the fluorescence bands do not change upon addition
f the metal ions. The fluorescence recovery of L1 selec-
ively in presence of Tl(I) and Na(I) satisfactorily mimics
n AND logic gate function operating with excitation energy
s the power supply, metal ions as inputs and the fluores-

ence as output. A lower fluorescence recovery is observed
hen K(I) is used in place of Na(I) along with Tl(I) as the

etraoxaazacyclopentadecane macrocycle has a higher affinity
24] towards Na(I) compared to K(I). The fluorescence quan-

logic function in MeCN; (b) plot of fluorescence quantum yield of L1 (conc.
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Table 2
Fluorescence output of L1 in presence of different ionic inputs in MeCN and
THF

Ionic inputs Fluorescence quantum yielda (φF),
(enhancement factorb), [output statec]

Input 1 (I1),
[state]d

Input 2 (I2),
[state]d

MeCN THF

– [0] – [0] 0.0016 (1) [0] 0.0022 (1) [0]
Na(I) [1] – [0] 0.0025 (2) [0] 0.0021 (1) [0]
K(I) [1] – [0] 0.0023 (1) [0] 0.0022 (1) [0]
Li (I) [1] – [0] 0.0016 (1) [0] 0.0020 (1) [0]
– [0] Mn(II) [1] 0.0018 (1) [0] 0.0021 (1) [0]
– [0] Fe(II) [1] 0.0022 (1) [0] 0.0020 (1) [0]
– [0] Co(II) [1] 0.0017 (1) [0] 0.0020 (1) [0]
– [0] Ni(II) [1] 0.0021 (1) [0] 0.0025 (1) [0]
– [0] Cu(II) [1] 0.0009 (<1) [0] 0.0019 (1) [0]
– [0] Zn(II) [1] 0.0022 (1) [0] 0.0028 (1) [0]
– [0] Tl(I) [1] 0.0051 (3) [0] 0.0049 (2) [0]
– [0] Pb(II) [1] 0.0021 (1) [0] 0.0026 (1) [0]
– [0] Ag(I) [1] 0.0019 (1) [0] 0.0036 (2) [0]
H+ [1] H+ [1] 0.0528 (33) [1] 0.0858 (39) [1]
Na(I) [1] Mn(II) [1] 0.0029 (2) [0] 0.0030 (1) [0]
Na(I) [1] Fe(II) [1] 0.0027 (2) [0] 0.0026 (1) [0]
Na(I) [1] Co(II) [1] 0.0023 (1) [0] 0.0031 (1) [0]
Na(I) [1] Ni(II) [1] 0.0033 (2) [0] 0.0020 (1) [0]
Na(I) [1] Cu(II) [1] 0.0002 (<1) [0] 0.0024 (1) [0]
Na(I) [1] Zn(II) [1] 0.0031 (2) [0] 0.0039 (2) [0]
Na(I) [1] Cd(II) [1] 0.0023 (1) [0] 0.0036 (2) [0]
Na(I) [1] Pb(II) [1] 0.0039 (2) [0] 0.0024 (1) [0]
Na(I) [1] Tl(I) [1] 0.1304 (82) [1] 0.1614 (73) [1]
Na(I) [1] Ag(I) [1] 0.0046 (3) [0] 0.0089 (4) [0]
K(I) [1] Tl(I) [1] 0.0720 (45) [1] 0.1056 (48) [1]
Mn(II) [1] Na(I) [1] 0.0022 (1) [0] 0.0027 (1) [0]
Fe(II) [1] Na(I) [1] 0.0021 (1) [0] 0.0025 (1) [0]
Co(II) [1] Na(I) [1] 0.0019 (1) [0] 0.0019 (1) [0]
Ni(II) [1] Na(I) [1] 0.0021 (1) [0] 0.0020 (1) [0]
Cu(II) [1] Na(I) [1] 0.0004 (<1) [0] 0.0029 (1) [0]
Zn(II) [1] Na(I) [1] 0.0028 (2) [0] 0.0068 (3) [0]
Tl(I) [1] Na(I) [1] 0.1271 (79) [1] 0.1685 (77) [1]

a Experimental conditions: conc. of free ligand: 1 × 10−6 M; conc. of ionic
input: ∼1 × 10−5 M; λex = 378 nm; excitation and emission band-pass: 5 nm;
temperature: 298 K; The error in φF is within 10%.

b FE: fluorescence enhancement in comparison to the cation free ligand.
c Fluorescence output state: low [0] and high [1].
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d Chemical input state: absence [0] and presence [1]; I1 and I2 are the first and
econd ionic inputs, respectively.

um yields of L1 with different ionic inputs are collected in
able 2.

Fluorescence titration of L1 as a function of concentrations
f Na(I) and Tl(I) as inputs (Fig. 4b) indicates a 1:1 complex
ormation with each of the ionic inputs. The final enhance-
ent is found to be almost same when Na(I) is added first

ollowed by Tl(I) or vice versa. A similar nature of the flu-
rescence titration curve is observed with K(I) and Tl(I) as
nputs. The complex stability constants (Ks) are determined
rom regression plots obtained from the fluorescence inten-
ity changes following a reported procedure [17,25]. The val-

es obtained are found to be consistent with those available
n the literature with good correlation coefficients (≥0.99).
he Ks is found to be of the order of ∼106 M−1 for Tl(I)

n presence of Na(I)/K(I). It is further revealed that the

(
t
t
F
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equence of ionic inputs does not affect the Ks value indicat-
ng insignificant inter-receptor interference in the binding of the
nputs.

.4. Fluorescence emission with protons and logic actions
ith metal ions

In presence of H+ (1 × 10−3 M) as input, the fluorescence of
1 enhances ∼35-fold in dry or aqueous THF/MeCN medium.
rotons engage the lone pair of donor nitrogens of both the recep-

ors causing fluorescence enhancement by effectively blocking
he PET. However, hydrated metal perchlorate salts also can
enerate protons in organic solvents. In order to verify that the
uorescence enhancement is due to the metal ion added and
ot because of protonation, certain controlled experiments were
arried out [22,26]. If the proton generation in the medium by
he metal salts were to be responsible for suppression of PET,
hen the extent of enhancement for all the metal ions inves-
igated should have been almost the same, which is unlikely
ere.

With protons being one of the inputs to L1, the extent of
uorescence enhancement of L1 depends upon the metal ion to
e used as the second input. For example, when Na(I) is added
ollowed by H+, L1 exhibits a ∼50-fold enhancement in THF
s Na(I) is selectively bound in the macrocycle (receptor1). On
he other hand, addition of Tl(I) followed by H+, a ∼65-fold
nhancement is observed in THF. A truth table based on these
onic inputs along with the fluorescence quantum yields as the
utput is given below (Table 3).

From our earlier experiments [9], it is known that when
he core of a cryptand receptor is selectively derivatized with
,4-dinitrobenzene groups, it exhibits fluorescence enhance-
ent in MeCN selectively in presence of Cu(II), the metal

avoring exocyclic coordination to cryptand. Compound L1
oes not exhibit any enhancement in the simultaneous pres-
nce of Na(I) and Cu(II) ions. Instead, further quenching
φF = 0.0002, MeCN) is observed. Although, Cu(II) binds the
ryptand from outside (as supported by the absorption spec-
ra that exhibits a different binding mode for L1 with Cu(II)
on in comparison to other metal ions) and suppresses the
ET operative at that end, a possible metal–fluorophore (M–F)

nteraction in L1 due to steric constraints lead to quenching
f fluorescence again. The fluorescence spectra of L1 shows
n exciplex at 552 nm upon Cu(II) binding, a characteristics
hat was previously observed [9] with cryptand based recep-
ors when derivatized with electron withdrawing side arms.
owever, with H+ and Cu(II) being the inputs, L1 exhibits
two input INHIBIT logic action. In MeCN, fluorescence

f L1 is quenched due to PET operative; in presence of
u(II), the fluorescence is still low (‘0’ state). In the pres-
nce of H+, L1 exhibits a 33-fold fluorescence enhancement
φF = 0.0528 in MeCN, ‘1’ state). But in the simultaneous
resence of both H+ and Cu(II), the fluorescence is quenched

φF = 0.0039 in MeCN, ‘0’ state). The fluorescence spectral pat-
ern in presence Cu(II) and H+ inputs and the corresponding
ruth table with logic circuit for INHIBIT function are given in
ig. 5.
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Table 3
Fluorescence quantum yield of L1 in presence of H+ and Na(I) or Tl(I) in THF

Inputs Output, φF, FEb, [state]c Inputs Output, φF, FEb, [state]c

I1 [state]a I2 [state]a I1 [state]a I2 [state]a

None [0] None [0] 0.0022, 1, [0] None [0] None [0] 0.0022, 1, [0]
Na(I) [1] None [0] 0.0021, 1, [0] Tl(I) [1] None [0] 0.0035, 2, [0]
None [0] H+ [1] 0.0858, 39, [1] None [0] H+ [1] 0.0858, 39, [1]
Na(I) [1] H+ [1] 0.1114d, 51, [1] Tl(I) [1] H+ [1] 0.1408e, 64, [1]

a Chemical input state: absence [0] and presence [1]; I1 and I2 are the first and second ionic inputs, respectively.
b FE: fluorescence enhancement in comparison to the cation free ligand.
c Fluorescence output state: low [0] and high [1].
d φF = 0.074 in MeCN (46-fold FE).
e φF = 0.089 in MeCN (56-fold FE) in comparison to that of L1 in MeCN.
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ig. 5. Fluorescence spectral behavior of L1 (conc. 1.5 × 10−6 M) alone and in
resence of Cu(II) and H+ in MeCN. Corresponding truth table with fluorescence
uantum yield output and the logic circuit of INHIBIT gate.

. Conclusion

In conclusion, The PET signaling system L1 has been shown
o operate either as a molecular AND or INHIBIT logic gate
epending upon the nature of the pair of ionic inputs. It acts
s an AND logic gate specifically in presence of Na(I) and

l(I) ions. Structural rigidity imposed through attachment of
,4-dinitrobenzene groups to the cryptand results in selective
l(I) inclusion, leaving the counter anion (OTf−) outside the
avity of the cryptand. Tl(I) selective fluorescence signaling is
are in literature. On the other hand, in the simultaneous pres-
nce of Cu(II) and H+ as the inputs, L1 performs as an INHIBIT
ogic gate.
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(1988) 6233.
26] B. Ramachandran, G. Saroja, N.B. Sankaran, A. Samanta, J. Phys. Chem.

B 104 (2000) 11824.


	A multi-receptor fluorescence signaling system exhibiting enhancement selectively in presence of Na(I) and Tl(I) ions
	Introduction
	Experimental
	Analysis and measurements
	Materials
	Synthesis
	Synthesis of triethylene glycol ditoluenesulfonate, 1
	Synthesis of 4,7,10,13-tetraoxa-1-azacyclopentadecane, 2
	Synthesis of 1-(9´-methylanthracenyl)-4,7,10,13-tetraoxa-1-azacyclopentadecane, 3
	Synthesis of 9´-methyl(4,7,10,13-tetraoxa-1-azacyclopentadecanyl)-10´-bromomethyl anthracene, 4
	Synthesis of the cryptand Lo
	Synthesis of B
	Synthesis of L1


	Results and discussion
	UV-visible absorption spectroscopy
	Emission spectral behavior of L1
	Fluorescence emission in presence of metal ions
	Fluorescence emission with protons and logic actions with metal ions

	Conclusion
	Acknowledgements
	Supplementary data
	References


