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Differential response for multiple ions: a smart
probe to construct optically tunable molecular
logic systems

Monaj Karar,$? Rikitha S. Fernandest® and Nilanjan Dey () *°

A rhodamine-based optical probe has been designed through a one-pot synthetic protocol involving
phenanthroline as a binding motif. The compound showed a bright pink coloration specifically upon the
addition of Cu?* and Hg®* ions. However, the appearance of bright red fluorescence was observed only
in the presence of Hg®*. Considering both, we can detect and discriminate these two ions even at ppb
level concentration. Furthermore, these in situ generated metal complexes were utilized for the selective
recognition of CN™ and I~ ions. Pre-coated TLC plates were developed for rapid on-site detection of
these toxic ions even in remote places. Finally, on a single molecular probe based on differential opto-
chemical interactions with different ions (Cu?*, Hg?*, CN™ and I7), we were able to design numerous
trivial (OR, NOR) and non-trivial (INHIBIT, IMPLICATION, COMPLEMENT, TRANSFER, NOT-TRANSFER)
logic gates. Most fascinatingly, we can switch the logic response from one type to another by simply
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1. Introduction

Although the involvement of transition metal ions in regulat-
ing different physiological processes are well documented,
their excess intake can cause serious health problems, even
leading to death. Despite being essential for optimal activities
of various metalloenzymes, including superoxide dismutase,
cytochrome c oxidase, and tyrosinase,’ an excess consumption
of copper may cause gastrointestinal disorders and several
neurodegenerative diseases, such as Wilson’s disease and
Alzheimer’s disease.” On the other hand, mercury is known for
its extensive utilization in various industries but is highly car-
cinogenic in nature. Among anions, despite its notorious ten-
dency to bind with the enzyme cytochrome oxidase, cyanide
has been continued to be used in gold or silver extraction and
in the production of organic chemicals and polymers.®
Similarly, iodide is considered to be the most essential micro-
nutrient responsible for normal functioning of the thyroid
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tuning only the optical output channel.

gland. Thus, both iodide deficiency and its excessive intake
can lead to several diseases related to malfunctioning of the
thyroid gland.* Therefore, the United States Environmental
Protection Agency (EPA) has listed many transition metal ions
and toxic anions, such as chromium, cobalt, copper, mercury,
cadmium, and cyanide, as “priority pollutants”.

The employment of small molecule-based optical sensors
in the recognition of these ionic analytes has gained immense
popularity in recent years for their simple execution protocols,
high sensitivity, and cost-effectiveness. Nowadays, optical
probes are generally designed with binding sites covalently
attached to different signaling moieties, such as pyrene,
BODIPY, naphthalene, cyanine, and rhodamine.” Among
them, rhodamine-based probes have received special attention
due to the simple synthetic protocols and stimuli-responsive
photophysical behavior. After its first introduction by Czarnik
et al. in 1997, numerous reports have appeared in literature for
the detection of a wide range of analytes including metal ions,
anions, amino acids and reactive oxygen species.® However,
optical probes for the detection of multiple ionic analytes are
indeed very rare in literature, even by employing rhodamine as
the signaling moiety.” Sometimes, it has also been observed
that multiple ions can interact with the probe molecule in the
same fashion due to their similar complexation ability, produ-
cing identical signals.® Although these kinds of sensors can
report the presence of multiple ions, proper identification of
interacting analytes is difficult due to indistinguishable optical
responses. The discrimination of multiple ions can be
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achieved simultaneously by exploiting the differential reactivity
of the analytes towards a particular guest analyte (indicator
dye or metal ion) or a ‘chemical event’.

Molecular systems that are capable of responding to exter-
nal perturbations (like cations, anions, other molecules, ion-
pairs) with extensive changes in different spectral experiments
are important to the design of molecular logic devices.’°
Since its emergence in 1992, ground breaking research was
made by the scientific community with elementary supramole-
cular systems to create and develop fundamental logic com-
ponents and circuits. To realise the futuristic smart molecular
devices, such molecular logic components should be the funda-
mental integral parts. In this aspect, molecular systems developed
with synthesized and commercially available molecules are found
to be most promising. It was well established that molecular
systems or devices can act as several electronic analogues, like
switches,” wires,'® diodes'' as well as logic gates. Following de
Silva,'® who first introduced the concept of molecular computing,
enormous efforts have been given by the chemists to design
smart functional molecules that can imitate the functions of
various fundamental logic gates, such as YES, NOT, AND, OR,
NAND IMPLICATION, INHIBIT, and TRANSFER. Moreover, based
on functional integration in a single molecule, several high-order
functions (such as half-adder/half-subtractor,"””*° multiplexer/
demultiplexer*®>?) were constructed.

2. Rationalization of the proposed
work

Thus, considering the urge to devise single molecular probes
for the sensing of multiple analytes, herein, we have designed
a new rhodamine-based probe 1 involving a planar phenan-
throline moiety as the metal ion binding site. Compound 1
showed colorimetric detection, as well as discrimination of
Cu”" and Hg>" ion below ppb level concentration. However, in
the presence of all of the metal ions along with Cu®*, 1 showed
its strong and selective attraction towards Hg>' only.
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Furthermore, the in situ generated metal complexes (with Cu®*
and Hg”*) were utilized as templates for anion recognition.
Again, herein, the ‘naked-eye’ detection of two different anions
cyanide and iodide was achieved. Thus, here we could achieve
the detection of all four different ionic analytes simultaneously
using a single optical probe. The probe was also further
employed for quantification of excess metal ion impurities in
different natural water sources, such as, tap water, pool water
and sea water. Finally, low-cost, portable, paper-discs were
developed for the rapid on-field estimation of these hazardous
analytes, even in remote villages.

By maintaining the initial state and chemical inputs unal-
tered, we simultaneously anticipated that we would assume in
a line to acquire multifunctional logic operations to apply to
the suggested chemosensing system via solely modulations in
optical parameters. With favoured outsets, we utilised our syn-
thesized new rhodamine-based probe 1 involving the planar
phenanthroline moiety (Scheme 1) to layout tunable molecular
logic systems. As we put into operation, the absorption spectral
adjustments occurred from one channel to another one, and the
consummate logic behaviour switching of 1 occurred from one
kind to another. In the same preliminary system, 1 may want to
be tuned to act as any other set of inter-switchable complemen-
tary logic gates with a specific set of inputs. With 1 as a prototype
system and a unique set of inputs, the proposed system is quite
flexible to create non-trivial logic gates like INHIBIT,
IMPLICATION, COMPLEMENT, TRANSFER, and NOT-TRANSFER
as well as some trivial logic gates like OR, NOR, and others. It is
fascinating to note that the switching of gates inside a couple of
pairs basically involved optical output modulations.

3. Experimental section
3.1. Materials and methods

All reagents, starting materials, analytes and solvents were
obtained from the best-known local suppliers and used
without further purification. The solvents were distilled prior

© s, k—

@ 391 Abs of Rhodamine () z 50““\ X
- pet Phenanthroline - . ] Se=nilonesny
—~ 2.41 — FL of Phenanthroline \ q 9y :
S : & :
© 18 0 8| g :
.0 1 & e .
2 =340 8| 2| i*FRET*
S<oSURN ||
E ) :
3 N 0 N = -
£ 0.6+ \ § :
e ) - ) : ) . ) rem =585 nm S +H4H—
300 350 400 450 500 550 600 S S N Acceptor/
Wavelength (nm) Donor/ Phenanthroline Rhodamine
Scheme 1 (a) UV-visible and fluorescence spectra of rhodamine and phenanthroline dyes respectively. (b) Molecular structure 1. (c) Simple

Jablonski diagram focusing on the FRET process.
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to use. FT-IR spectra were recorded on a PerkinElmer FT-IR
Spectrum BX system, and were reported in wavenumbers
(em™). 'H and "*C NMR spectra were recorded on a Bruker-
400 Advance NMR spectrometer. Chemical shifts were reported
in ppm downfield from the internal standard, tetramethyl-
silane. Mass spectra were recorded on a Micromass Q-TOF
Micro TM spectrometer.

3.2. Sampling procedure of sensing

The sensing studies with metal ions were carried out by
adding 10 pL DMSO solution of 1 from a stock solution
(1 x 107 M) in acetonitrile-water (1:1) mixture to make the
final volume of 1 mL ([1] = 1 x 10> M), followed by the addition
of a DMSO solution of the metal ions (1 equiv.). In the case of
sensing in the buffered medium, a similar procedure has been
followed for the sensing in buffered media of different pH
values (HCO,Na/HCl buffer for pH 2, Tris/HCI for pH 7, and
Na,B,0,-10H,0/NaOH for pH 12). The anion sensing studies
were conducted with in situ metal complexes (1-Cu®** and
1-Hg?"). For this, the probe with corresponding metal ion
(1 equiv.) was incubated in acetonitrile-water (1:1) medium
for ~2 h prior to the addition of anions (2 equiv.). In all cases,
the final concentration of DMSO in the solution did not
exceed 1%.

3.3. UV-Vis and fluorescence spectroscopy

The UV-Vis and fluorescence spectroscopy were recorded on a
Shimadzu model 2100 spectrometer and Cary Eclipse spectro-
fluorometer, respectively. The slit-width for the fluorescence
experiment was kept at 5 nm (excitation) and 5 nm (emission),
and the excitation wavelength was set at 355 nm.

3.4. Fluorescence decay experiment

Fluorescence lifetime values were measured by a time-corre-
lated single photon counting fluorimeter (Horiba Jobin Yvon).
The system was excited with 320 nm nano LED of Horiba -
Jobin Yvon with a pulse duration of 1.2 ns (slit width of 2/2,
Aem is 585 nm). Average fluorescence lifetimes (zr,,) for the
exponential iterative fitting were calculated from the decay
times (z;) and the relative amplitudes (a;) using the following
relation,

Tav = (alle +ay1® + 03732)/(61171 + axty + a373)

where a,, a, and a; are the relative amplitudes and 7y, 7,, and
73 are the lifetime values, respectively. For data fitting, a DAS6
analysis software version 6.2 was used.

3.5. Preparation of paper discs for sensing

To prepare the compound-coated paper strips, 40 pL of CHCl;-
MeOH (1:1) solution of 1 (0.02 mM) was drop-cast onto the
filter paper using a micropipette. The concentration of 1 in the
solution, as well as dipping time, were optimized to obtain
photostable test strips with optimal color or fluorescence
intensity. The solution was completely absorbed in filter paper
within 15 min, and then the filter papers were kept overnight
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to airdry. Finally, the air-dried paper strips were ready for
sensing studies. The stability of the paper strips was evaluated
by measuring the fluorescence intensity at intervals of over
15 days.

3.6. Quantification studies

For the quantification of metal ions, the changes in absor-
bance were recorded at 562 nm. The recovery values (in %)
were calculated according to the following equation:

Jorecovery = (Cadded — Cealeulated )/ Cadded X 100

where C,qqeq is the actual concentrations of metal ions (Cu®*
or Hg*") spiked into the samples, and Ceajculated iS their calcu-
lated values using the standard equation.

3.7. Fluorescence quantum yield

The fluorescence quantum yield was calculated by rhodamine
6G (F = 0.94 in EtOH) as a reference. The quantum yield is cal-
culated using the equation,

(Dunk = (Dstd [(Iunk/Aunk) / (Istd /Astd)} (nunk/nstd)z

where @, and Pyq are the radiative quantum yields of the
sample and standard, I,k and Isq are the integrated emission
intensities of the corrected spectra for the sample and stan-
dard, Aynk and Agq are the absorbances of the sample and
standard at the excitation wavelength, and #,nk and #gq are the
indices of refraction of the sample and standard solutions,
respectively.

3.8. Analysis of water samples

To evaluate the efficiency of 1 in estimating Hg>" or Cu®" in
environmental samples, the performance of the present
method was examined by testing tap water, pond water, and
seawater samples. The tap water samples were collected from
the laboratory. The pond water samples were collected from
the local Shameerpet Lake, Telangana, India. The seawater
samples were collected from the Bay of Bengal (near
Vizag beach). The tap water and pond water samples were sub-
jected to analysis as received. However, the seawater samples
were filtered through a 0.22 pm membrane to remove the in-
soluble dirt particles. The water samples were spiked with
different amounts of Cu®* or Hg*" more than 2 h before the
analysis.

4. Results and discussion

The compound 1 was designed by the coupling of phenanthro-
line dialdehyde with rhodamine hydrazone through a carbo-
nyl-nucleophile addition protocol (Scheme S1%). Absorption
spectra of 1 showed the presence of multiple maxima at
277 nm (e = 2.42 x 10%), 310 nm (e = 3.20 x 10%) and 375 nm
(¢ = 1.34 x 10%). The bands at 277 nm and 310 nm could be
assigned to the n—r* transition, while the n-n* transition
resulted in the formation of a peak at 375 nm (Fig. 1a). The
presence of an orthogonal spirolactam ring in 1 prevents elec-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Normalized absorption and emission spectra of 1 (10 uM, e = 355 nm) in acetonitrile—water (1: 1) mixture. (b) Frontier Molecular Orbital

(FMO) analysis of 1.

tronic mixing of the electron-rich xanthene moiety with
the comparatively electron-deficient phenanthroline site.
Therefore, in the free probe, HOMO was found to be largely
concentrated on the xanthene fragment, whereas the LUMO
was mainly focused on the phenanthroline unit. The higher
HOMO-LUMO energy gap (AE = 3.43 eV) is reflected from its
colorless texture in normal daylight (Fig. 1b).>* No detectable
change in the absorbance value of 1 at 310 nm was noticed
when recorded after ~7 days in acetonitrile-water (1:1)
mixture medium (Fig. S47). This indicates that the compound
is fairly stable under ambient condition, and can be used as a
colorimetric probe for target ions.

4.1. Interaction with different metal ions

As the phenanthroline and rhodamine moieties are both
known for having metal ion chelating ability at physiological
pH, we were interested in exploring the cation sensing property
of compound 1 (conjugated adduct of both phenanthroline
and rhodamine) at pH 7.4 in a semi-aqueous environment.
The addition of Cu®** and Hg>" to the solution of 1 ([1] =
10 pM) induced a rapid color change from colorless to bright
pink with the appearance of a new absorption band (~560 nm)
in the visible region (Fig. 2a). This major red-shift in the n-n*
transition band (~560 nm) resulted from the formation of an
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Fig. 2

(a) Absorption spectral changes of 1 in the presence of different cations. Inset: Absorbance bar response at 562 nm for different metal ions.

Top: Images of 1 (20 pM) in the presence of different metal ions (1 equiv.) in daylight. (b) Fluorescence spectral changes of 1 in the presence of
different cations. Inset: Fluorescence bar response at 585 nm for different metal ions. Top: Images of 1 (10 uM, e, = 355 nm) in the presence of

different metal ions (1 equiv.) under a long UV lamp.
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extended conjugated structure, followed by a reversible spiro-
lactam ring opening process. No spectral change was
observed upon the addition of other competing metal ions.
Saturation in the optical response was achieved upon the
addition of ~2 equiv. of metal ions in both cases (Fig. S5
and S671). The titration studies also showed that the linear
range of detection for the Cu®" ions was 0-12 pM (Fig. S57),
while for Hg”* ions, it was 0-18 pM (Fig. S61). An increase in
the effective conjugation was further evidenced from the
non-localized distribution of frontier molecular orbitals
(FMOs) over the entire molecular framework (Fig. S77).
Monitoring the responses of the probe toward metal ions
over a broad pH range (from 4.0 to 9.0) indicated that the
efficiency of the probe almost remains unaffected beyond pH
5 (Fig. S8t). The robustness of the present protocol was
ensured by monitoring the Cu®" or Hg>* induced change in
the presence of an excess of other interfering analytes
(Fig. 2a inset). Comparatively lower detection limits of 11
ppb (for Cu®* ion) and 1.15 ppb (for Hg*" ion) were esti-
mated using the blank variation method.>*

The fluorescence spectra of 1 (dex = 355 nm, excitation for
phenanthroline unit) mainly consists of a characteristic phen-
anthroline signature (1. = 430 nm) with a small peak at
577 nm due to the dynamic equilibrium existing between the
non-planar ‘closed ring’ conformation and highly emissive
‘open-ring’ xanthene structure. However, the addition of Hg*"
selectively induced the appearance of a bright red fluorescence
with ~90-fold enhancement in xanthene emission (Amax =
585 nm, ¢ = 0.36) (Fig. 2b). This might be due to the remodel-
ing of the free hanging of a rhodamine analog (in free 1) into a
highly conjugated rigid structure upon coordination with a
metal ion, enhancing the extent of energy transfer from phe-
nanthroline to rhodamine unit (Fig. 2). This was also evi-
denced from the time-dependent emission decay (TCSPC)
studies, where the multiexponential long-lived decay profile of
the flexible free probe was found to be diminished upon inter-
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action with Hg?" (Fig. $91).>® Other metal ions, including Cu**,
did not induce any alteration in the emission spectra of the
probe (Fig. 2b inset). Therefore, this differential optical
response of 1 towards Hg”* and Cu** allowed for the detection
and discrimination of both metal ions. However, from Fig. 3a,
it was quite clear that the alternate addition of Cu** within the
1 + Hg>" system did not affect the selectivity of 1 towards Hg>".
So, from this response, we can conclude that although 1 was
able to detect Cu®>" and Hg>" individually, in an ionic mixture,
it will selectively isolate and capture Hg>". Fig. 3b shows the
selectivity of 1 towards Hg** in the individual presence of
different cations (1:1 situation), and undoubtedly indicated
the versatility of 1 towards Hg®" compared to other cations,
including Cu**. Here also, saturation in the optical response
was achieved upon the addition of ~2 equiv. of Hg*>" ion
(Fig. S10%). Finally, from Fig. 3c, it is evident that in an ionic
mixture, ie., in the presence of all the cations in the mixture, 1
was equally efficient to identify, capture and separate Hg”".
These experiments undoubtedly indicated the versatility of 1
towards the selective and sensitive chemosensing of Hg”* in
real situations.

Interaction of rhodamine-based sensors with metal ions
can occur either through ion-induced spirolactam ring
opening or ion catalyzed hydrolysis reaction.’® The EDTA-
mediated recovery experiment with both Hg** and Cu** clearly
indicated that the observed optical changes were due to the
reversible spirolactam ring opening, and not due to ion-
induced hydrolysis (Fig. 3b). In both cases, the 1:1 stoichio-
metry of interaction was evaluated from Job’s plot analysis
(Fig. S111).>” The association constants were calculated as 4.69
+ 0.01 (for Hg*") and 3.97 + 0.01 (for Cu®") based on the
Benesi-Hildebrand model for 1:1 interaction (Fig. S127).>®
This was further supported from the ESI mass spectra of
probes in the presence of the corresponding metal ions, where
peaks corresponding to the 1:1 metal complex could be
observed (Fig. S137).
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Fig. 3 (a) Response of 1 towards the alternate addition of Hg?* and Cu?* ion (b) in the individual presence of other cations (in excess) monitored at

585 nm. (c) Versatile selectivity plot of 1 towards Hg?* in an ionic mixture.
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4.2. Mechanism of metal ion interaction

Now, in order to evaluate the exact binding mode of metal ion
recognition (phenanthroline or rhodamine), we have performed
"H NMR titration of 1 upon the gradual addition of both Hg**
and Cu”" in CDCl,. The paramagnetic nature of Cu®* (d°, open
shell configuration) induced quenching of all of the molecular
peaks. However, during interaction with Hg>*, the phenanthro-
line protons (H,, Hp, and H.) experienced a greater extent of
downfield shift compared to the protons present near the vicin-
ity of the carbonyl group of the rhodamine functionality (Fig. 4).
On the other hand, the downfield shift of xanthene protons
(with prominent broadening) signified the opening of the spiro-
lactam ring during metal ion coordination. This clearly indi-
cated that the metal ion (here Hg>") interacted with the probe
through the phenanthroline nitrogen ends, rather than the car-
bonyl group of the spirolactam ring. To further support this, we
have recorded the FT-IR spectra of 1 both in the absence and
presence of Cu** and Hg”" ions. The complexation with of
either of these ions did not show any visible change in the car-
bonyl (C=0) stretching frequency, which excluded the involve-
ment of the carbonyl group in the interaction (Fig. S147).

4.3. Interaction with different anions

Now, in situ generated metal complexes have gained immense
popularity in recent years due to their highly specific inter-
action ability towards a wide range of analytes, including toxic
anions, phosphates, and amino acids.*® In this context, Cu**
and Hg>" appeared to be one of the promising templates due
to their versatile complexation ability by modifying the coordi-
nation sites. The addition of toxic anions like CN™ and I” to
the 1 + Cu®" solution (1:Cu®" = 1:1) resulted in a vivid color
change from bright pink to colorless. The characteristic
absorption band of the metal complex at ~560 nm was found
to be diminished accordingly (Fig. 5b). Here, we achieved sat-
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urations upon the addition of ~2 equiv. of anions (with
respect to the Cu®" concentration), which ensured 1:2 com-
plexation with the in situ generated metal complex in both
cases (Fig. S15 and S167).

However, the interaction of the anions with the in situ gen-
erated Hg”* complex revealed selective recognition of only CN~
ion (Fig. 5a). Herein, the diminishing of the 562 nm absorption
maxima was also reflected from the discoloration of the bright
pink colored solution of 1. No further observed decrease of the
absorbance (at 562 nm) beyond ~2 equiv. of CN~ ion addition
implied a 1:2 interactive model (Fig. S177). In the emission, a
Hg**-induced ‘Turn-On’ fluorescence was also found to be
quenched (Amax = 585 nm) selectively in the presence of CN™ only
(Fig. S18 and S197). Thus, following the systematic investigations,
we could selectively identify both CN™ and I ions. The optical
responses clearly demonstrated that all these anions interact with
probe through metal ion (Cu®* or Hg>") center. A reversible inter-
action was established (CN~ and I") when the metal ions and
anions were added sequentially for multiple times (Fig. S207).
Similarly, the "H NMR spectra of 1 + Hg*" (1:1) showed the
regeneration of compound peaks upon the addition of the CN™
ion (Fig. S21%). So, it can be certainly concluded that the inter-
action of the anions with the metal complex was simply through
the displacement of the corresponding metal ion from 1, rather
than the formation of a ternary complex (Fig. 6).

4.4. Fast-track detection of toxic metal ions using paper-discs

The laboratory-developed sophisticated analytical methods
often face difficulties in functioning in remote areas due to the
lack of trained technicians or advanced instrumental set-ups.
Thus, we planned to develop a parallel strategy to build low-
cost, portable paper discs for both Cu** and Hg?" in aqueous
medium (which does not require a sophisticated instrument
or experienced technicians). The dye-coated paper discs

-\
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Fig. 4 Partial '"H NMR spectra of 1 upon the gradual addition of Hg?*
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(0 to 1 equiv. arranged from bottom to top) in CDClz medium. The structure

of the compound along with the involved protons was shown for convenience.
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Fig. 6 Schematic diagram showing the simultaneous detection of four different ionic analytes through the single molecular probe 1.

showed no color to begin with (with no emission under UV
lamp). However, addition of both Cu®>* and Hg”" induced the
formation of a red-color spot almost instantaneously.>** When
the Hg>-treated disc was kept under long UV lamp, a bright
red-colored emission was observed, which was not the case
with Cu®*. Thus, the present probe can not only detect these
two ions, but can also eventually discriminate between them
(Fig. 7b). The addition of other metal ions did not induce any
noticeable change in the color or texture of the discs. This cer-
tainly established the specific nature of 1 towards the Cu®" and
Hg>" ions. The extent of color change in all cases was further
quantified using Image]J software (Fig. S227).

4.5. Development of molecular logic system

Multiple responses in the absorption and emission spectra of
1 upon the case specific interaction with different cations
(Hg" and Cu*") and anions (CN/I") individually, as well as in
mixture, were successfully exploited to construct different

1466 | Analyst, 2023, 148,1460-1472

optical switches. The formation of different simple one input
logic gates (NOT and YES) were also able to portray different
trivial logic gates (like OR, NOR) and some non-trivial logic
gates (such as IMPLICATION, TRANSFER (NOT-TRANSFER),
INHIBIT, COMPLEMENT). The most fascinating thing of this
existing report is that a single photochemical system could be
tuned effortlessly to execute absolutely special binary logic fea-
tures (like OR to NOR, INHIBIT to IMPLICATION etc.) primar-
ily based on the choice of only the optical output channel,
while keeping other parameters (primary system, inputs) as is.

4.5.1. Considering the absorption changes of 1 upon inter-
action with Hg>* and Cu”*. Employing 1 as the primary state
alongside two chemical inputs, “Input Cu>*” and “Input Hg”*”
and optical output at several absorption wavelengths, we were
able to construct different logic systems (Table 1). As illus-
trated in Table 1, following different absorption values at
562 nm, a simple OR logic gate was constructed. As reflected
from the bar diagram in Fig. 8a, we will get high absorbance

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) Detection limit of 1 for Cu?* and Hg?* in different natural water sources. (b) Photographs of the test strips made from 1 (50 uM) for the
detection of Cu?* and Hg?* both under daylight and under UV lamp (365 nm).

Table 1 Truth table for binary arithmetic absorption responses received
from 1 upon interaction with Hg?* and Cu?*, after application of proper
thresholds to the corresponding channel

Cu** ng " Aseznm (OR)  A370 nm (COMPLEMENT)  Az75 nm (NOR)

moRro
== oo
R R R o
oo R R
SO O

values at 562 nm for the individual ion, as well as simul-
taneous presence of both ions (Hg>" and Cu**). We will get low
absorption at 562 nm channels (binary 0) only when the pure
probe is present. Thus, the opto-chemical response in binary
terms perfectly mimicked the OR logic response.

Again, the absorbance values at 370 nm after application of
a proper threshold perfectly mimicked the binary logic
response of a COMPLEMENT logic gate composed of the two
AND, one NOT, and NOR gates was portrayed. In this case, we
will get the ON state for the pure 1 and 1-Cu** systems, ie.,
(0,0) and (1,0) input situations. Finally, if we switch the absor-
bance channel to 278 nm again, we could easily design a NOR

logic by applying a suitable threshold to the absorbance
responses generated at different input situations. Here, we will
get the ON state (binary 1) in the absence of any of the chemi-
cal inputs (0,0 state). Thus, we can switch the logic response
from one to another (OR to COMPLEMENT to NOR) by effort-
lessly toggling the output channel to (562 to 370 to 278 nm).
4.5.2. Considering the absorption changes of 1 upon inter-
action with Hg?* and CN™. Considering 1 as the preliminary
state with the subsequent two chemical inputs, “Input Hg**”
and “Input CN™”, we were able to construct dual-complemen-
tary INHIBIT-IMPLICATION logic systems (Table 2) at two
different absorption channels. As a primary component for

Table 2 Truth table for binary arithmetic absorption responses
received from 1 upon interaction with Hg?* and CN~, after application of
proper thresholds to the corresponding channel

Hg* CN™ Ass nm (INHIBIT) A370 nm (IMPLICATION)

R o RO
R = oo
cor o
_Rm O R

562

@/

Fig. 8 Optical bar responses and corresponding schematic logic presentation of OR (a), COMPLEMENT (b) and NOR (c) logic gates based on the
absorbance responses of 1 at 562, 370 and 278 nm, respectively, considering Hg?* and Cu?* as chemical inputs.
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Fig. 9 Optical bar responses and corresponding schematic logic presentation of INHIBIT (a) and IMPLICATION (b) logic gates based on the absor-
bance responses of 1 at 562 nm and 370 nm, respectively, considering Hg?* and CN~ as chemical inputs.

molecular calculators, or “moleculators”, (where binary
addition and subtraction could be executed on molecule-based
systems) INHIBIT logic gate, a combination of individual AND
and NOT logic gates recently emerged.*’ As illustrated in
Table 2, following different absorption values at 562 nm, an
INHIBIT logic gate was constructed, where we will get the ON
state (binary 1 value) for the (1,0) input situation only (Fig. 9a).

Simultaneously, with the same setup, we will get an
IMPLICATION logic gate response by simply toggling the
absorption channel from 562 nm to 370 nm. The binary
response if this gate is completely opposite to that of the

Table 3 Truth table for binary arithmetic absorption responses
received from 1 upon interaction with Hg?* and |-, after application of
proper thresholds to the corresponding channel

INHIBIT gate (Fig. 9b). For scheming numerous logic arrays,
such as adder and half adder in combination with the FALSE
function, IMPLICATION drew special attention.*?

4.5.3. Considering the absorption changes of 1 upon inter-
action with Hg”* and I". Utilizing 1 as the initial system with
two chemical inputs, “Input Hg>*” and “Input I"”, we were
able to design dual-complementary non-trivial TRANSFER &
NOT-TRANSFER logic systems at 562 nm & 370 nm absorption
wavelengths (Table 3). As illustrated in Table 3, following
different absorption values at 562 nm, a TRANSFER logic gate
was constructed (Fig. 10a). Transfer gates effortlessly switch

Table 4 Truth table for binary arithmetic fluorescence response
received from 1 upon interaction with Cu?* and Hg?", after application
of proper thresholds to the corresponding channel

Hg>" - Asez nm (TRANSFER) Az70 nm (NOT-TRANSFER)  Cu®** Hg>* Flsgs nm (TRANSFER)
0 0 0 1 0 0 0
1 0 1 0 1 0 0
0 1 0 1 0 1 1
1 1 1 0 1 1 1

N
e ©
8 B
NB

Absorbance@562
2 2 2] 2 o
S B & 8 &

)

Fig. 10 Optical bar responses and corresponding schematic logic presentation of TRANSFER (a) and NOT-TRANSFER (b) logic gates based on the
absorbance responses of 1 at 562 nm and 370 nm, respectively, considering Hg?* and I~ as chemical inputs.
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Fig. 11 (a) Optical bar responses and (b) corresponding schematic logic presentation of the TRANSFER logic gate based on the fluorescence

responses of 1 at 562 nm, considering Cu?* and Hg®* as chemical inputs.

the state of an input to that of an output with no logical trade
(0 turns into 0, 1 turns into 1). They are beneficial in structures
of concatenated common logic gates for the conversion of the
output of one gate into the input of a second. Concatenation
of gates is indispensable if a molecular logic system is to be
used to perform complex computational operations.>* As
reflected from Table 3, the output response of the system at
562 nm simply mimicked the “Input Hg>"” state in terms of
binary values.

Again, considering the absorbance values at 370 nm, a
NOT-TRANSFER logic gate was portrayed (Fig. 10b). Here, the
binary logic values are completely opposite to that of the pro-
posed TRANSFER logic gate response at 562 nm. Thus, one
can simply switch from TRANSFER to NOT-TRANSFER and
vice versa logic response by simply switching the output
channel from 562 nm to 370 nm and vice versa.

Additionally, employing 1 as device with two chemical
inputs, “Input Cu**” and “Input CN~/I"” and optical output at
several absorption wavelengths, we were able to construct
different logic systems (Table S17). As illustrated in Table S1,f
following different absorption values at 562 nm, an INHIBIT
logic gate was constructed (Fig. S237).

4.5.4. Considering the emission changes of 1 upon inter-
action with Hg®>" and Cu®*. Finally, employing 1 as a device
with two chemical inputs, “Input Cu®**” and “Input Hg”*”, and
optical output at several emission wavelengths, we were able to
construct different logic systems (Table 4). As illustrated in
Table 4, following different absorption values at 562 nm, a
TRANSFER logic gate was constructed (Fig. 11).

In fluorescence studies, we will get a Turn ON response
only in the presence of Input Hg>', i.e., in binary terms “1”
value. For the rest of the situations, as we did not get any fluo-
rescence response, the output responses were also “0”. This
TRANSFER logic response is quite different from the above-
mentioned one (Fig. 11).

5. Conclusions

In conclusion, we have developed an easily synthesizable chro-
mophoric probe comprising the metal ion sensitive phen-
anthroline and rhodamine moiety through the connection of
an imine bond. Interaction of the compound with Hg** or
Cu®" triggered the emergence of a bright pink color in a semi-

This journal is © The Royal Society of Chemistry 2023

aqueous environment. However, in emission mode, only Hg**
induced a ‘Turn-On’ response. However, fluorescence selecti-
vity studies revealed that Probe 1 was quite versatile to exclu-
sively identify and capture Hg>" ion in an ionic mixture, even
in the presence of Cu®" in the ionic mixture. Furthermore,
these in situ generated metal complexes were employed for the
detection of different toxic anions. Selective recognition of
both CN™ and I" ions were achieved through the displacement
of the corresponding metal ions from the vicinity of the probe.
Thus, by utilizing a single probe, we had established 1 as a ver-
satile ‘naked-eye’ Hg”" sensor with ppb level sensing efficiency.
We also achieved the ppb level ‘naked-eye’ detection of four
different analytes: Cu®**, Hg®', CN~ and I individually.
Furthermore, the detection of metal ions was achieved in
different natural water sources, and also using paper-discs.
Ultimately, on a single molecular probe 1 based totally on
differential opto-chemical interactions with special ions (Cu®",
Hg>", CN™ and I7), we are able to diagram several trivial (OR,
NOR) as well as non-trivial (INHIBIT, IMPLICATION,
COMPLEMENT, TRANSFER, NOT-TRANSFER) logic gates. Most
fascinatingly, we can swap the logic response from one kind to
another via easy tuning of only the optical output channel.
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