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Tetrapod 1 shows opportunities for OR, NOR and INHIBIT
logic gates based on fluorescence enhancement (FE) (Zn*™,
Cd**; 435-445 nm), fluorescence quenching (FQ) (Cu*™,
Ni2*, Co?*; 402 nm) and dual FQ (402 nm)—FE (510 nm)
(H") outputs.

The current interest in molecular systems capable of per-
forming logic operations is largely due to likely application of
these systems as molecular devices in information processing
and computation.! Molecular devices which function as
wires,? switches,® diodes* and logic gatess’lo have indeed been
reported. Recently carrying the notions of solid state silicon
based computing to the molecular world, molecular analogs of
AND,’ OR.® NOR,” XOR,® INHIBIT? and NAND'? logic
gates based on photoinduced electron transfer (PET) processes
have also been described. Several logic functions integrated
within a single molecule have been used, not only for recog-
nizing the chemical inputs, but also for light signals.'’ On the
basis of functional integration in a single molecule, a half
adder'? and half subtractor'® have been constructed. It has
been proposed that molecular logic gates could be powered by
superior processing capabilities, which are based on a two
input-multi output system. Each chemical input can be re-
cognized within a single molecule, forming ideally distinct
chemical states with corresponding characteristic signals.
When the receptor is combined with the various analytes,
the molecule can display “ON-OFF”, “OFF-ON”, ON-
OFF-ON”'* and “OFF-ON-OFF”!® fluorescence emission
phenomena which can be used for building logic gates.

8-Hydroxyquinoline based systems have attained prime
significance due to their applications'® in chromatography,
detection of metal ions, organic light emitting diode devices
and electrochemiluminescence efc.

As a part of our study on 8-hydroxyquinoline based ion
sensing molecular devices'” we now demonstrate that tetrapod
1 on addition of different metal ions provides varied outputs
viz. fluorescence enhancement (FE), fluorescence quenching
(FQ) and dual fluorescence quenching—fluorescence enhance-
ment (FQ-FE) which have been used for developing truth
tables for OR, NOR and INHIBIT logic gates.

The absorption band at Ay, 310 nm on excitation between
280-370 nm gives an emission at Ay, 402 nm in CH3CN. All
the emission studies have been performed by using excitation
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wavelength 360-365 nm. Tetrapod 1 (Scheme 1; 10 uM) on
addition of AgNOj3 (1-30 uM) exhibited emission quenching
and on further addition of AgNOj3 a new emission band at 432
nm appeared which achieved a plateau at >500 uM AgNOs.
On addition of Pb?", Hg? ", Fe* " or Cr’ ", the quenching (for
<50 pM metal ion conc.) at 405 nm was followed by the
appearance of a new emission band at 510 nm (> 50-500 uM
metal ion conc.). Therefore interaction of 1 with Ag™, Pb>",
Hg?", Fe** or Cr** offers a situation where three concentra-
tion dependent states: state 0 (high emission) = 0 pM metal
ion; state 1 (low emission) = <x pM and state 2 (high
emission) = >x puM metal ion are achieved. The addition
of ~50 pM of Co**, Cu®** or Ni** caused quenching
(>90%) at 402 nm and addition of ~50 uM Zn>* or Cd*>"*
led to >12 times enhancement along with a red shift of the

o cl
- O N
cl N ©
- N cl
N =
' Cl
1

IN IN, OUT

aft oyt 402mm
0 0 1
1 0 0
0 1 0
1 | 0

Fig. 1 The logic table and symbolic representation of the NOR logic
system under the action of two inputs (input I;: state ‘0°, Cu>* = 0
uM; state ‘17, Cu®* =40 uM. Input I,: state ‘0’, H" =0 uM; state ‘1,
H" = 10 uM); output: state ‘0°, dr = 0.012; state ‘1°, & = 0.17).
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Table 1 Log fmyr values for tetrapod 1 towards transition metal
ions in pure CH;CN

Entry Metalion log fmi2  log fmL log Bmar log fmaL
1 Ag* 577+0.1 9.86+0.12 17.1 £0.2
2 Hg*™* 559 £ 0.1 9.48 +£0.08 17.8+0.1
3 Pb* " 159 £0.5 9.05+04 12.7+0.42

4 crt 472 + 0.1 16.3 + 0.1
5 Cu?* 5.60 + 0.1

6 Ni2* 11.5+ 0.1 9.19 + 0.25

7 Co?™* 11.9 + 0.1 9.58 + 0.22

8 Zn** 6.51 £ 0.3 11.8 £ 0.30

9 cd** 6.49 + 0.2 9.90 + 0.32

10 H" 721402 119402

emission band between 430-445 nm. The addition of HCIO4
(<10 pM) caused quenching at 402 nm and subsequently on
addition of HCIO4 >10 uM led to a new emission band at
510 nm which reached a plateau <50 puM (5 equiv.). The
spectral fitting of these data shows the formation of multiple
stoichiometric complexes of 1 with metal ions (Table 1).

The absorption spectrum of 1 on addition of HC1O4 showed
simultaneous decrease and increase in absorbance respectively,
at 310 and 380 nm. Therefore, input of different metal ions and
protons to tetrapod 1 gives multiple outputs viz. FE, FQ and
dual FE-FQ phenomena. These phenomena permit the con-
struction of truth tables for building OR, NOR and INHIBIT
photonic logic gates. The addition of either Cu®>* (40 uM) or
H™ (10 uM) or both caused quenching of emission (~90%) of
tetrapod 1 at 402 nm. The lowering in emission either by
binding Cu®* or H' or both resulted in a NOR logic gate with
low output at 402 nm (Fig. 1).

Instead of using a combination of Cu”*" and H" as inputs,
the combination of two or three metal ions (Co”, Ni2* and
Cu®") as inputs can be used to achieve a NOR gate. The
pattern of fluorescence intensities as a function of cation input
read as a NOR logic response as shown in the truth table!®
given in Fig. 2. The spectra in Fig. 2 demonstrate the NOR
logic response. NOR gates are of potential interest because
they are considered as universal gates and when connected
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Fig. 2 Molecular scale implementation of NOR logic gate. (A)
Fluorescence emission spectra for 1 under different input conditions.
a, blank (high, @ = 0.11); b, 1 + Cu?” (40 uM, low, & = 0.012); c,
1 + Ni2" (60 uM, low, @ = 0.012): d, 1 + Co>* (60 uM, low, O =
0.012); e, 1 + Cu*" + Ni**; f, 1 + Cu*" + Ni?" + Co**. (B)
Truth table for NOR logic gate.
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Fig. 3 Molecular scale implementation of OR logic gates. a, blank
(low, @ = 0.03); b, 1 + Zn>" (50 pM) (high, & = 0.41); c,
1 + Cd** (50 uM) (high, ¢ = 0.39); d, 1 + Zn>" + Cd** (high,
& = 0.4). (B) Logic symbol and truth table for OR gate.

together enable the combinatorial creation of all other boolean
operations.

The ability of tetrapod 1 to exhibit >12 times increase in
fluorescence on addition of >50 uM Zn** or Cd** or both
can be used for developing an OR logic gate. The truth table'®
for the OR gate is shown in Fig. 3. The spectrum in Fig. 3
demonstrates the high emission state achieved by addition of
Zn*" or Cd*>" or both metal ions to 1.

The ability of molecule 1 to exhibit a new emission band at
510 nm on addition of HCIO, and its reversal on addition of
Cu’" has been used as an INHIBIT logic gate at 510 nm. An
INHIBIT function is basically an AND operation where one
input is reversed, i.e., in our case, Cu®" ion.

The addition of HCIO,4 (40 uM) to tetrapod 1 quenches the
fluorescence at 402 nm and gives a highly efficient new emis-
sion band at 510 nm (Fig. 4). The addition of Cu®* (80 uM) as
second input inhibits the formation of the emission band at
510 nm. The strongest luminescence (@ = 0.17) of 1 at 510
nm was observed in the absence of Cu®>" and the presence of
perchloric acid, while all other combinations of these two
inputs led to much weaker signals (& = 0.012).

Therefore the emission of tetrapod 1 at 510 nm could be
used to develop an INHIBIT logic gate whereas the emission
at 402 nm achieved on addition of HCIO4; has been
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Fig. 4 Molecular scale implementation of INHIBIT logic gates. a,
blank; b, 1 + H" (40 pM); ¢, 1 + Cu®" (80 uM): d, 1 + H™ (40 uM) +
Cu?" (80 uM). (B) Logic symbol and truth tables for INH gate.
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Fig. 5 The logic table and the respective symbolic representation of
the EnNOR function. 4., = 510 nm with different chemical inputs
[H*: 40 pM, Cu®*: 40 uM; Co>": 40 pM].

demonstrated in Fig. 1 to behave as a NOR logic gate. Finally,
the three inputs discussed above, i.e., Cu®", Co®>" and per-
chloric acid, were applied. The resulting logic scheme corre-
sponds to a NOR function'® (Cu®>* and Co?") which is only
activated in the presence of the third input (HClO,4). The
presence of perchloric acid has the function of control signal:
whenever it is positive (i.e., 1) the NOR gate is open (i.e., 1),
whenever it is negative (i.e., 0) the NOR gate is closed (i.e., 0).
This behaviour is typical for an enabled NOR (EnNOR) gate
(Fig. 5)."8

Thus, the unique multiple emission properties of tetrapod 1
with proton and various metal ions provide opportunities for
OR, NOR and INHIBIT gates.

Experimental

A solution of 5-chloro-8-hydroxyquinoline (895 mg, 5.0
mmol), NaH (pre-washed with hexane) (240 mg, 10.0 mmol)
and tetrabutylammonium hydrogen sulfate (20 mg) (catalyst)
in DMF (30 ml) was stirred at 0 °C. After 30 min, 1,2,4,5-
tetrakis(bromomethyl)benzene (500 mg, 1.1 mmol) was added
and stirring was continued at 0 °C. After completion of the
reaction (TLC, 24 h), the solid residue was filtered off and
washed with ethyl acetate. The combined filtrate was evapo-
rated under vacuum and the solid residue was purified by
column chromatography over silica-gel (60—120 mesh) using a
mixture of CH,Cl,—ethyl acetate—-MeOH (80 : 17 : 3, v/v) to
obtain pure 1, as a white solid (40%). Mp 300-302 °C
(CHCI;-CH;0H), FAB Mass m/z 843, 845, 847, 849 (78 :
100:50:12) (M" + H); "H NMR (CDCls) (300 MHz): d 5.60
(s, 4 x CH,, 8H), 6.87 (d, J/ = 8.4 Hz, 4H, 4 x HQ-H7), 7.21
(d, J = 8.4 Hz, 4H, 4 x HQ-H6), 7.48 (dd, J; = 8.4 Hz,
J>, = 4.2 Hz, 4H, 4 x HQ-H3), 7.70 (s, 2H, ArH), 8.45 (dd,
J1 = 84Hz, J, = 1.5Hz,4H, 4 x HQ-H4), 8.87 (dd, J; = 4.2
Hz, J, = 1.5 Hz, 4H, 4 x HQ-H2); 3C NMR (CDCI3 +
TFA): 69.1, 114.3, 123.4, 125.0, 128.2, 130.2, 131.1, 135.6,
143.8, 145.2, 147.1. Elemetal analysis: Found C, 65.59; H,

3.62; N, 6.45%. C40H3cCl4N4O4 requires C 65.42; H, 3.58; N,
6.63; O, 7.58%.

UV-Vis and fluorescence experiments

UV-Vis spectroscopic analysis were carried out on a Shimadzu
UV-1601 PC UV-Vis spectrophotometer by using slit widths
of 1.0 nm and matched quartz cells. Fluorescence spectra were
recorded on a Shimadzu RF1501 spectrofluorophotometer
with a 1 cm quartz cell at 25 + 0.1 °C. For performing the
studies in acetonitrile, the solutions of 1 and metal nitrates/
perchlorates were prepared in doubly distilled acetonitrile. The
solution containing 1 (10 pM) was taken in a quartz cell and
their absorption or fluorescence spectrum recorded. The addi-
tion of different concentrations of metal nitrates/perchlorates
was carried out with a micropipette in aliquots of 1.5-3.0 pl
(0.05-0.1 equiv.) in the same cell and each time the solution
was allowed to stand for 3 min before recording the absorp-
tion or fluorescence spectrum.
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