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A pyrene-based optical probe for the real-time and regenerative detection
of Cu* and Fe* at parts-per-million (ppm) levels is demonstrated.
Moreover, the quantifiable changes in the fluorescence signal induced by
chemical inputs viz. Cu*, Fe**, H' and CN” have been exploited to assemble
sequential and “four-input” combinatorial molecular logic circuits. A
unique “two-way” security lock has also been devised for enhanced
information protection at molecular level.

Multi-stimuli responsive1 “smart molecules” illustrate huge
promises in the field of molecular computing. The
perturbations caused in their immediate environment by the
external stimuli (chemical, electrical and/or optical inputs) get
amplified to the macroscopic level in terms of measurable
signals (mechanical, optical and/or electrochemical outputs),
which can be ingeniously harnessed for Boolean algebraic
computations allowing information processing and storage at
the molecular level.> Chemosensors endowed with a pyrene
moiety as the signalling unit generate either
enhancement or quenching as the output in response to metal
jon stimuli.® In this context, we introduce a simple pyrene-
based probe 1, for the detection of Cu®*, Fe** and H* ions via
discernible colour changes and discriminating emission “turn-
off” behaviour. The 1-Cu®**/Fe** ensembles could further
recognize highly toxic cyanide with simultaneous
regeneration of probe 1. Furthermore, these ions (Cu2+, Fe3+,
H* and CN’) have been utilized as the input strings to construct
molecular-level logic circuits while accessing quantum vyield
responses as outputs. To the best of our knowledge, there has
been no report on any such pyrene-based chemosensor for
recognition of all the four ions viz. Cu®*, Fe*, CN and H* on a
single platform, till date.*
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Probe 1 (Scheme 1) has been synthesized in good yield (~70%)
by adopting a simple synthetic method® and well-characterized
using a full-battery of physico-chemical techniques (Fig. S1-S4).
The availability of the carbonyl oxygen and pyridine nitrogen
atoms makes our probe an enticing receptor for Cu2+, Fe*" and
H" ions. The probe displays metal/H*-ion induced differential
optical responses (UV-vis and emission) along with contrasting

colour changes.
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Schemel. Chemical structure of probe 1

The UV-vis spectrum of 1 (10 M, CHCI;) displays an intense
peak at A =270 nm (e = 37,000 m* cm'l) and a broad doublet
at 2=392 nm (e = 23,000 M cm™) and 430 nm (¢ = 26,000 M
cm™). However, the spectrum shows immediate perturbations
in the presence of cu” and Fe* ions at ppm level
concentration associated with visible colour changes from
yellow to purple and blue, respectively (Fig. S5-S6). Upon
gradual addition of cu* (1-20 ppm, CHsCN) to 1 (10"5 M,
CHCI3), a moderate hypochromic shift at 4 = 430 nm (“turn-
off”, AA = 0.103) coupled with appearance of a new peak at 4
= 567 nm (“turn-on”, AA = 0.352) was observed. Also, two
isosbestic points at A = 370 and 450 nm indicate the formation
of 1-Cu® ensemble (Fig. 1a). Strikingly, addition of only a small
concentration of Fe** (1-5 ppm, CHCN) induced a significant
hypochromic shift at 4 = 430 nm (“turn-off”, AA = 0.188)
together with an emergence of a broad band with dual peaks
at A =540 (“turn-on”, AA =0.125) and 611 nm (“turn-on”, AA =
0.128). An isosbestic point at 4 = 466 nm accounts for the
binding of Fe** with 1 (Fig. 1b). The spectral responses
saturated at 20 ppm and 5 ppm for cu® and Fe3+, respectively
and no further remarkable changes were detected on
increasing the concentration of analytes by two-fold.

J. Name., 2013, 00, 1-3 | 1



RSC/Advances

01234567
[Fe™']/ ppm

Figure 1. Absorbance changesin 1 (10'5 M, CHCl3) (red solid line) upon addition of (a) 20
ppm of Cu®* (blue solid line) and (b) 5 ppm of Fe** (olive solid line) in CH3CN. The dotted
arrows serve guide to the eyes. Insets: Plot of absorbance at 4 = 430 nm (red spheres),
567 nm (blue spheres) and 540 nm (olive spheres) as a function of ppm concentration
of Cu® and Fe".

Furthermore, probe 1 is an intense luminophore (¢ = 0.62,
using anthracene as standard) and exhibits an emission peak at
A =520 nm (A = 270 nm). Plausibly, the peak can be assigned
to intermolecular excimer emission due to z~z stacking of
pyrene units. Interestingly, upon addition of 20 ppm of cu*
(~8.3 equiv.), 1 showed “turn-off” emission response with 1y/I
=~7 (¢ﬂ1_cU2+) = 0.09) and a miniscule concentration of 5 ppm
(~3.1 equiv.) of Fe*" also led to diminishing of the emission
peak with lo/I = ~13 (¢f(1_Fe3+) = 0.05) (Fig. 2). The quenching
could also be visualized under UV lamp (Fig S7). The
fluorescence quenching is attributed to the non-radiative
processes caused by paramagnetic effect of unpaired d-
electrons of Cu®* (d9) and Fe** (ds).6 The Stern-Volmer plots
were non-linear with an upward curvature indicating both
static (collisional) as well as dynamic (formation of non-
fluorescent ground state complex) quenching mechanisms
operating together (Fig. s8).
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Figure 2. Emission intensity changes in 1 (10'5 M, CHCI3) (red solid line) upon addition of
(a) 20 ppm of cu™ (blue solid line) and (b) 5 ppm of Fe* (olive solid line) in CH3CN. The
excitation wavelength was fixed at 1 = 270 nm. The dotted arrows serve guide to the

eyes. Insets: Plot of emission intensity at 4 = 520 nm as a function of ppm

concentration of Cu®* (blue spheres) and Fe** (olive spheres).

The detection limits of 1 for Cu®" and Fe*' came out to be 4.4 x
10° M (~1 ppm) and 2.3 x 10° ™M (~0.4 ppm), respectively.sa
The stoichiometric ratio of 2:1 for both 1-Cu®* and 1-Fe**
couples was evaluated from Job’s method of continuous
variation of mole-fraction (Fig. S9). The binding ratio has also
been confirmed by ESI-MS data. A clear peak at m/z = 729.79
may be attributed to the fragment [2.probel + Cu] (calc. m/z =
729.16) (Fig. S10) and a peak at m/z = 304.86 most likely
corresponds to the fragment [2.probel + Fe(CH3CN)2.6H20]3+
(calc. m/z = 304.09) (Fig. S11). The binding constants

computed from Benesi-Hildebrand plots assuming 2:1
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Y2 and 1.94 x 10°

molecular arrangement were 1.72 x 10° M
M™2 for cu** and Fe3+, respectively (Fig. 512).8b
An excellent probe needs to demonstrate highly selective
identification in the competitive environment of analytes. The
chemosensor 1 exclusively detects cu® and Fe** over a wide
range of other metal ions. No other metal ion could produce
any remarkable change in the emission spectra of 1 (red bars).
Furthermore, quenching efficiency of the probe for cu® (blue
bars) and Fe** (olive bars) ions was not deterred even by the
presence of other test stimuli in a matrix arrangement (Fig. 3).
Apparently due to its higher binding constant, Fe** most likely
replaces cu® from 1-cu® couple further decreasing the
emission intensity (blue bars, entry 17, Fig 3a).
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Figure 3. Representative bar chart showing emission intensity responses at A = 520 nm
upon addition of (a) 20 ppm of test metal analytes in 1 (10> M, CHCl5) (red bars) and 1-
cu® solution (blue bars); (b) 5 ppm of test metal analytes in 1 (10'5 M, CHCls) (red bars)
and 1-Fe* solution (olive bars). 1 = None, 2 = Na*, 3 = Mg*, 4 = Ca**, 5 = Mn*, 6 = Fe”,
7=Co™, 8=Ni*", 9=2n",10 = Ag’, 11 = Cd™", 12 = Hg™", 13 = Pb™", 14 = AP*", 15 = Cr*,
16 = Cu® and 17=Fe™".

Recyclability of a chemosensor is crucial for cost-effective real-
sample measurements. Addition of 5 ppm of CN’ (in ethanol) in
the respective solutions of 1-Cu® and 1-Fe* complexes, not
only reverted back the emission intensity of probe 1 but also
brought back its initial yellow colour (Fig. 4a). This possibly
implies sequestering of cu* and Fe*' by CN to potentially
form [Cu(CN),]" and [Fe(CN),]", releasing probe 1 in the
solution.” None of the other investigated anions could
remarkably raise the quenched fluorescence signal (Fig. 4b).
Both 1-Cu®* and 1-Fe** systems showed good on/off ratio for
at least three cycles with only a minimal signal loss of ~9% and
~19%, respectively (Fig. S13). It is noteworthy to mention here,
that probe 1 depicted an added advantage of detection of a
potentially toxic stimulus (CN’).
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Figure 4. (a) Regeneration of emission intensity of 1-Cu2"/Fe3’ (1+20 ppm cu®/s5 ppm

Fe®) upon addition of 5 ppm of CN (in EtOH); (b) Representative bar chart showing the
effect of addition of 5 ppm of various anions in the solution of 1-cu® (blue bars) and 1-
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Fe** (olive bars). 1 =None, 2=Br,3=Cl,4=1,5=CN,6=PFs, 7=SCN,8=F and 9 =
Clog.

Another feather in our probe’s cap is its distinct optical
response towards the presence of H' ions. Upon gradual
addition of H" ions (0.3 mM to 2 mM, CH,;CN) to the solution of
1 (10'5 M, CHCl3), a new absorption band arises at 4 = 488 nm
(“turn-on”, AA = 0.313) along with fading of the original bands.
This could be ascribed to the protonation of pyridine nitrogen
atom. The response was visually detectable with a colour
change from vyellow to orange. On the other hand, the
emission peak plummets (l/l = ~3.5, ¢ﬂ1_H+) = 0.18) coupled
with the shifting of 4,,,, to 550 nm (bathochromic shift of ~30
nm) as H" ions (0.04 mM to 2 mM, CH5CN) are introduced into
the system (Fig 5).
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Figure 5. (a) Absorbance and (b) emission intensity changes in 1 (10'5 M, CHCl3) (red
solid line) upon addition of H' (2 mM, CH;CN) (pink solid line). The dotted arrows serve
guide to the eyes. Insets: Photographs depicting the colour change and fluorescence
quenching in 1 upon addition of H.

As explained, probe 1 acts as an “ON-OFF-ON” fluorescent
switch controlled by Cu**/Fe*" and CN ions (vide supra). The
set-reset of probe 1 by these stimuli can process information
in the form of two-input sequential and combinatorial logic
circuits.’® The variations in the quantum yield at A = 520 nm
have been captured as outputs and the threshold has been
fixed at ¢ = 0.3. The sequential logic circuit is designed in such
a way that cu®" ion behaves as IN1 whereas CN ion functions
as IN2 (Fig. 6a). When IN1 is high, the quantum vyield falls
below the threshold level to give OUT = 0 and the stored
information is “erased” from the system. However,
subsequent addition of IN2 again “writes” the information in
the system as it regains its initial quantum yield with OUT = 1.
The feedback loop connects the output back to IN1 and
ensures memory function of the circuit. When the sequence
order of the inputs is reversed and CN ion (IN1) is added
before Cu®* ion (IN2), a combinatorial logic circuit mimicking
the functions of NOT, AND and OR gates, is obtained (Fig. 6b).
In this case, already present CN ions (IN1 = 1) in the system
could not sequester the metal ion (IN2 = 1) and thus, the
information is “read” in terms of low output (OUT = 0). These
logic systems could also be concatenated for Fe* ion.

Evidently, the above used input events are order dependent
and generate TRUE output only when addition of Cu®*'/Fe®"
precedes that of CN". Hence, the system more or less behaves
like a priority AND gate. This modulation in the input sequence
could also be realised to devise a miniaturized “two-way”
security lock™ for information cascade at molecular level. The

. 2 3 - .
inputs Cu®’, Fe’* and CN’ ions are coded as “U”, “S” and “B”,

This journal is © The Royal Society of Chemistry 20xx

respectively. Out of six possible combinations (USB, BSU, SBU,
UBS, SUB and BUS), the input sequence “USB” unlocks the
emission signal at A =520 nm.

IN1 0 0 1 1 IN1

1
(Cu?) (cN)
IN2 0 1 0 1 IN2 0 1 0 1
(cN) (Cu?)

Figure 6. Quantum yield outputs of 1 at 4 = 520 nm in the presence of chemical inputs
viz. (a) IN1 = Cub, IN2 = CN along with the corresponding two-input sequential logic
circuit, and (b) IN1 = CN, IN2 = Cu® along with the corresponding two-input
combinatorial logic circuit. Dotted lines represent the threshold level. The output
above the threshold level is read as “1” otherwise “0”.

Markedly, the positions of inputs “U” and “S” could be
dexterously interchanged with each other to generate another
input sequence “SUB” which could also turn-on the emission
signal. Thus, this “joint molecular account” is held by two
authorized users who equally share the right to activate the
emission channel by entering their respective coded sequence
of keys (either “USB” or “SUB”). Any other key string, if
pressed would fail to open the lock and produce an alarm
(FALSE) signal. (Fig. 7).
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Figure 7. (a) Unique “two-way” security lock being accessed (“ON”) at A = 520 nm only
by correct sequence of entries (“USB” or “SUB”). (b) Quantum vyield outputs
corresponding to six probable input sequences. The keys “U”, “S” and “B” hold cu®,
Fe* and CN" as inputs.

Further, sixteen different combinations of four chemical inputs
viz. Cu® (IN1), Fe** (IN2), CN” (IN3) and H' (IN4) were used to
address the emission quantum yield outputs at A = 520 nm
(OUT). The threshold has been set at ¢ = 0.30. OUT is
generated by a combinatorial circuit comprising of NOR, OR
INH gates wired together. (Fig. 8). Therefore, the
fluorogenic sensing traits of probe 1 can be usefully extended

and

to configure molecular level logic circuits to store the optical
information as encoded by appropriate chemical input signals.

J. Name., 2013, 00, 1-3 | 3
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Figure 8. (a) Quantum yield outputs of 1 at A = 520 nm (OUT) in the presence of
chemical inputs viz. IN1 = Cu®, IN2 = Fe*, IN3 = CN and IN4 = H'. Dotted lines
represent the threshold level. The output above the threshold level is read as “1”
otherwise “0”. (b) The corresponding four-input combinatorial logic circuit.

Conclusions

In conclusion, we have presented a simple pyrene-appended
chemosensor for differential monitoring of Cu2+, Fe’* and H'
ions via distinct colour changes and emission quenching. The
1-Cuz+/Fe3+ couples formed in situ could further detect toxic
CN ions while reverting the probe 1 back into the solution.
Most importantly, the probe adds further impetus to the field
of molecular devices while performing Boolean algebraic
operations to integrate two-input sequential as well as
combinatorial logic circuits by controlling the sequence of
input  addition.  Additionally, a complex four-input
combinatorial logic circuit could also be achieved. Thus, probe
1 offers highly selective, sensitive and reversible detection of
cu* and Fe* and also opens new avenues to explore the
potential of chemosensors as memory elements.
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