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The fluorescence of molecules 1-3 is enhanced by factors of up to 67 in the presence of magnesium and calcium 
ions in neutral water which allows the selective monitoring of magnesium ions under simulated physiological 
conditions and permits the construction of truth tables with OR logic when these molecules are viewed as ion 
i n p u t-p h ot on output mo lecu I a r devices. 

The fluorescent sensing of the ionic prime movers of life 
processes is proving to be a major chemical contribution to 
biomedical research’. Molecular information processing is 
another area to which chemists can provide significant 
input2.3. Recently, we showed how ion-operated fluorescent 
switches can give rise to photoionic logic gates.4 We now 
demonstrate that a single family of fluorescent signalling 
molecules 1-3t possesses properties that can be put to use in 
both of these research areas despite their apparent diversity. 
The key to this dual exploitation lies in the selectivity of 
London’s receptor 4a5 for magnesium vs. calcium or protons 
being poor in the absolute sense of coordination chemistry 
(binding constants, log p = 3.1, 4.6 and 5.5, respectively),s 
which is, however, sufficient for essentially complete selection 
of magnesium vs. calcium or protons when these three ions are 
constrained to their physiological ranges ( and lo-’ 
mol dm-3$ respectively.6 

Molecules 1-3 have been designed as fluorescent PET 
signalling systems778 by grafting fluorophores with chosen 
optical and redox properties onto London’s parent receptor 4b 
via a spacer unit. The fluorescence of such ‘fluorophore- 
spacer-receptor’ systems are ‘switched off in the absence of 
cation input as evidenced by the very low quantum yields 
( @Fmin values in Table 1). Quenching of fluorescence is caused 
by a PET process from the 1-amino, 2-alkoxy benzene unit to 
the fluorophore.9 The availability of protons, calcium or 
magnesium ions in sufficient concentrations to bind to the 
receptor unit of 1-3 increases the oxidation potential of the 
latter and suppresses the PET process, which results in the 
‘switching on’ of fluorescence. Moderate to large factors of 
fluorescence enhancement (FE = @Fmax/@Fmin) are found at 
saturating cation levels. Analysis of the cation dependence of 
fluorescence spectra according to eqn. ( l ) , 7  which the data fit 
well, gives the corresponding cation binding constants. The 
log p values for calcium ions (4.9-5.1) and protons (5.8-6.3) 

log[(@Fmax - @F)/(@F - @Frnin)] = pM - log 6 (1) 
are larger than those for magnesium (2.8-3.0) i.e. the 
fluorescence of 1-3 is most sensitive to changes in pCa, pH and 
pMg values around 5,6 and 3, respectively. pCa, pH and pMg 
levels encountered in many types of living cells are around 7, 
7, and 3, respectively.6 Thus, the fluorescence of 1-3 will be 
responsive to physiological levels of magnesium but not to 
those of protons or calcium ions.10 Such sensitivity is 
important in view of the multi-faceted biological roles of 
magnesium ions.11 

1 2;X=CN 
3; X = SO&e 

4a; R = F 
b;R=H 

Direct fusion of JC electron systems have previously led to 
integrated fluorescent sensors containing London’s receptor 
which respond to magnesium ions with wavelength shifts of 
fluorescence spectra which in turn allow ratiometric monitor- 
ing at two wavelengths.12 In contrast, 1-3 respond by means of 
large increases in the fluorescence quantum yield without 
significant changes in band position or shape which corre- 
spond to ‘off-on’ action. The large fluorescence enhance- 
ments allow powerful visual demonstrations13 of magnesium 
sensing in neutral water. This should also permit sensitive 
monitoring of pMg status in cell populations. In spite of the 
lack of ratiometric capability, the availability of strong ‘off- 
on’ action in 1-3 can potentially allow pMg imaging in single 
cells at least semiquantitatively as has been shown with certain 
‘off-on’ sensors in the case of calcium monitoring.14 

Table 1 Electronic spectral data and ion complexation properties of 
1-9 

Property 1 2 3 

hAbs+Sl/nm 
(~,,,/dm3 cm-’ mol-l) 387 (7100)b 

369 (7600) 
351 (5100) 
36fi6 
3936 
416 
441 
0.016 
0.0916 (6) 
0.136 (8) 
0.19 (9) 
2.9 
5.1 
6.3 

389 (27000) 

389 
490 

0.012 
0.24 (20) 
0.29 (24) 
O.lO(8)  
3.0 
5 .O 
5.8 

388 (32OOO)c 

389~ 
49oc 

0.0042 
0.24~ (57) 
0.28~ (67) 

2.8 
4.9 
5.9 

0.091c (22) 

a 5 x mol dm-3 1-3 in water at pH 7.3 [morpholinopropane 
sulfonic acid (MOPS) buffer]. pMg and pCa values maintained with 
metal buffers containing nitrilotriacetic acid (NTA), EDTA and 
ethylene glycol bis(aminoethy1 ether) tetraacetic acid (EGTA). 
EDTA was also used to maintain solutions in a magnesium-free or 
calcium-free state when necessary. pH variations obtained with 
phosphate buffers. 9,lO diphenyl anthracene in methanol served as a 
standard for the determination of fluorescence quantum yield(QF) 
values from corrected spectra.20 QFmax and OFmin refer to the 
maximum and minimum values of fluorescence quantum yields 
attained during the variation of pMg, pCa and pH values. b The parent 
fluorophore of 1 is suitably modelled by N-[4-(9’-anthracenyl methyl) 
phenyl] iminodiacetic acid which has habs = 388,368 and 350 nm, E,,, 
= 8900,9500 and 6100 dm3 cm-l mol-l, hnu = 393,415 and 439 nm 
and @F = 0.50 in water at pH l.0.9 The parent fluorophore of 3 is 
suitably modelled by 1-(4‘-cyanophenyl), 3-(4”-methylsulfonyl- 
phenyl) ,5-(4”’-carboxyphenyl)-2-pyrazoline which has habs = 388 nm, 
E,,, = 29700 dm3 cm-l mol-’, hmu = 490 nm and QF = 0.54 in water 
at pH 7.3.9 d The parent receptor of 1-3 is most reasonably modelled 
by4b, which has log PMMg2+ = 3.1, log &,2+ = 5.1 and log pH+ = 5.5 as 
determined according to the absorptiometric equivalent of eqn. (l), 
Log[(OD,,, - OD)/(OD - ODmin)] = pM - log p.21 OD is the 
optical density of 4b at a chosen wavelength which is controlled by the 
concentration of the chosen cation. 4a is another model receptor 
available in the literature5 which has log pM$+ = 3.1, log (3ca2+ = 4.6 
and log PH+ = 5.5. 
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The design of 1-3 according to the ‘fluorophore-spacer- 
receptor’ format also means that their optical and ion-seques- 
tration properties are nearly quantitatively inherited from the 
parent fluorophore and receptor units. Table 1 provides 
several examples of such ‘heredity’ arising out of the 
segregatory aspect of the spacer.’ 

For a given sensor, the fluorescence enhancements caused 
by calcium and magnesium ions are rather similar, differing by 
less than a factor of 1.3 (Table 1). Indeed, 3 gives essentially 
identical responses. This has important implications for the 
use of 1-3 as two-input photoionic OR logic systems. 
Photoionic logic gates have been developed in an attempt to 
emulate the input-output behaviour of their solid-state 
electronic counterparts while being demonstrably operable as 
molecular entities with straightforward interfacing of the 
various input and output signals and power supply to the 
device.4 A productive strategy to approach reasonable OR 
logic gates would be to employ ion-induced conformational 
changes of flexible systems to control fluorescence switching 
rather than mere ion proximity as has been mainly done so 
far.4 When the latter is the sole design basis, the degree of 
fluorescence ‘switching on’ will be controlled by the effective 
charge density of the ion. Hence the ‘high’ level of fluores- 
cence output will be dependent on the nature of the input 
i0n,l5 which is undesirable for photoionic OR logic. On the 
other hand, both magnesium and calcium ions twist the amine 
electron pair ca. 90” away from the x electrons of the aromatic 
ring upon coordination16 to 1-3. Thus, fluorescence recovery 
by PET suppression can be similarly effective for both ion 
inputs with any minor differences being due to the ion 
proximity effect. The output <oIF value of e.g. 3 is 0.0042,0.28, 
0.24 and 0.28 in the presence of no Mg*+ or Ca*+, mol 
dm-3 Ca2+ only, 0.5 mol dm-3 Mg2+ only and 0.5 Mg2+ + 

mol dm-3 Ca2+, respectively. This represents, in 
chemical terms, a good quality truth table for the OR logic 
function of 3. It is notable that the operating levels of ‘high’ 
and ‘low’ input ion signals are set for optimal performance of 
the logic device. Now 3 (and its relatives 1 and 2) becomes 
essentially non-selective as far as the dication-induced fluores- 
cence output is concerned. We are currently attempting to 
generalize the capabilities of molecules 1-3 to other systems 
with respect to the type of logic function, the nature and the 
operating levels of the ion input signals and the colour of the 
fluorescence output signal. 
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Footnotes 
t The trimethyl ester of 4b was synthesized by a procedure somewhat 
analogous to that used for the corresponding derivative of 4a.5 This 
was then reacted with 9-anthracenyl methyl bromide (ZnBr2 cat- 
alyst)17 or formylated under Vilsmeir-Haach conditions, 18 condensed 
with 4-cyano- or 4-methylsulfonyl-acetophenone under alkaline 
conditions and then converted to 2-pyrazolines with 4-cyano phenyl 
hydrazine in acetic acid.19 Sensors 1-3 were then obtained by alkaline 
hydrolysis of the corresponding trimethyl esters. The 1H NMR (300 
MHz: CDC13) spectral data for these trimethyl esters are: (1): 6 6.54- 
8.45 (m, 12H, ArH), 4.90 (s, 2H, ArCH2Ar), 4.68 (s, 2H, OCHZ), 

N(CH2CO;?CH3)2]. (2): 6 6.73-7.81 (m, 11H, ArH), 5.34 (dd, lH,  N- 
4.18 (s, 4H, NCH2), 3.73 (s, 3H, OCH2CO;?CHs), 3.68 [s, 6H, 

CH, J 5.8, 12.3 Hz), 4.54 (s, 2H, OCHZ), 4.15 (s, 4H, NCH2), 3.81 
(dd, lH,  HC-C;=N, J 12.3,17.5 Hz), 3.69 [s, 6H, N(CH,CO;?CH3);?], 
3.62 (s, 3H, OCH;?CO;?CH,), 3.20 (dd, lH,  HC-C=N, J 5.8, 17.5 

Hz), 4.56 (s, 2H, OCH2), 4.16 (s, 4H, NCH;?), 3.85 (dd, lH, HC- 
C=N, J 12.3, 17.4 Hz), 3.71 [s, 6H, N(CH2C02CH3);?], 3.66 (s, 3H, 

Hz). (3): 6 6.60-7.90 (m, 11H, ArH), 5.30 (dd, lH,  N-CH,J5.7,12.2 

OCH2CO2CH3), 3.18 (dd, lH,  HC-ChN, J 5.9, 17.4 Hz), 3.10 (s, 
3H, S02Me). 
$ All the ion concentrations referred to are free ion concentrations. 
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